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Abstract 
A Teleoperative Haptic Feedback Framework for Computer-Assisted 
Minimally Invasive Surgery 
Gregory Tholey 
Jaydev P. Desai, Ph.D. 
 
 
 
 
The introduction of robot-assisted surgery into the operating room has revolutionized 
the medical field.  These systems not only have the advantages of traditional minimally 
invasive surgery (MIS), such as reduced patient trauma and recovery time, lower 
morbidity, and lower health care costs, but they also eliminate surgeon tremor, reduce 
the effects of surgeon fatigue, and incorporate the ability to perform remote surgical 
procedures.  However, current robotic surgical systems, such as the Da Vinci™ Surgical 
System, lack the capability of providing force feedback to the surgeon that is present in 
conventional surgery.  Therefore, this lack of force feedback presents excellent 
developmental opportunities for surgeons and engineers to create novel surgical tools 
and methods to incorporate force feedback capabilities into these robotic surgical 
systems.  The goal of this research is to restore force feedback capability to the surgeon 
in robot-assisted surgery through a haptic interaction experience involving force 
feedback from the surgical site using our novel teleoperation platform.  This dissertation 
will summarize our research including: 1) the development of an automated laparoscopic 
grasper with force sensing capabilities, 2) a novel seven degree-of-freedom (DOF) 
haptic device with 4 degrees of force feedback with direct applications to robot-assisted 
surgery, 3) human subject studies to evaluate the addition of force feedback to robotic 
soft tissue characterization, 4) integration of the Mitsubishi PA-10 robot arm and 
laparoscopic grasper with a seven degree-of-freedom haptic device as a teleoperation 
platform, and 5) preliminary teleoperation experiments to evaluate the force feedback 
capabilities of the platform.  Our results show the addition of force feedback to robot-
 xiii
assisted surgery leads to better tissue characterization than using only vision feedback.  
In addition, providing force feedback in our teleoperation platform lowers the peak forces 
in surgical knot tying tasks. 

 1
Chapter 1: Introduction 
 
 
 
The introduction of minimally invasive surgery (MIS) and robot-assisted surgery into 
the operating room has profoundly influenced modern surgery by decreasing 
invasiveness; therefore minimizing patient trauma, recovery time, and cost. However, 
these surgical methods that use long tools inserted through trocars (small ports) on the 
body deprive surgeons of the depth perception, dexterity, sense of touch, and 
straightforward hand eye coordination that they are accustomed to in open procedures. 
Visual inspection, palpation, and characterization of the trauma site and the surrounding 
area play a crucial role in diagnosis and treatment as experienced surgeons have relied 
on these faculties to make intraoperative decisions and improve diagnostic capability.  
This inspection, palpation, and characterization of the tissue at the surgical site allows 
the surgeons to determine the qualities that allow them to render those tissues as 
normal or abnormal [1]. 
 
1.1 Motivation 
The lack of information presented to the surgeon in MIS procedures presents 
excellent theoretical, experimental, and developmental opportunities for the engineer to 
develop “smarter” and more efficient systems in collaboration with a surgeon, for use in 
minimally invasive surgery.  Improvements in MIS systems consequently lead to 
significant societal impacts through better patient care, reduced morbidity, shorter 
hospital stays, reduced trauma, faster recovery times, and lower health care costs.  
Current MIS procedures typically involve the use of an endoscope with an overhead 
monitor (two dimensional image) that the surgeon is viewing.  While the hands 
manipulate laparoscopic tools, the eyes are watching the overhead monitor.  This 
 2
requires the surgeon to perform complex mathematical transformations in their mind to 
perform surgery.  Thus, the benefits to the patients come at the expense of sacrificing 
some of the perceptual faculties that the surgeons are accustomed to in open 
procedures.  Further, commercial robotic systems, such as the da VinciTM or the ZeusTM 
surgical systems, provide excellent three-dimensional visual interfaces; however, they 
lack the force-feedback capability needed to accurately diagnose the tissue at the 
surgical margin.  Our communication with surgeons indicates that force feedback is 
crucial in any minimally invasive surgical procedure, whether it is robot-assisted or 
manual. 
 
1.2. Proposed Solution 
 
 
Fig. 1-1:  Overview of the robotic surgical system with force feedback capability. 
 
 
 
To restore force feedback capability to the surgeon, we propose providing a haptic 
interaction experience for the surgeon involving force and vision feedback from the 
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surgical site by displaying this information through an information-enhanced display (see 
Fig. 1-1). 
In the overall system, the surgeon would interact with a haptic interface device to 
control the motion of the robot arm and also receive force feedback from the surgical 
site, while the visual display will provide visual feedback from the surgical site.  The 
haptic interface device would consist of a seven degree-of-freedom mechanism that has 
four degrees of force feedback capability, namely spatial (X, Y, and Z) and 
grasping/parting feedback.  This haptic device would also allow the surgeon to use the 
same motions that are used in conventional laparoscopic surgery and act as a master 
controller of the surgical robot (Mitsubishi PA-10 robot arm for our system) with attached 
surgical tool.  The surgical tool consists of an instrumented grasper that has DC motor 
driven jaws and incorporated force sensors for measurement of the tool-tissue 
interaction forces.  The system architecture consists of a bilateral controller whereas the 
haptic device sends position commands to the robot arm and laparoscopic tool based on 
the motion of the haptic device while the surgical forces as measured by the sensors on 
the laparoscopic tool are exerted on the surgeon’s arm through the haptic device. 
Towards the development of this system, we have performed research in several 
areas including: 1) development of an automated laparoscopic grasper with force 
measurement capabilities, 2) a novel seven degree-of-freedom haptic device with 4 
degrees of force feedback with direct applications to robot-assisted surgery, 3) human 
subject studies to evaluate the addition of force feedback to robotic soft tissue 
characterization, 4) integration of the Mitsubishi PA-10 robot arm and the automated 
laparoscopic grasper with our haptic device to create a teleoperation platform with force 
feedback capability for robotic surgery, and 5) teleoperation experiments using the 
platform for tissue characterization and surgical knot tying tasks. 
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The primary goal of our research plan is to develop the key enabling science and 
technology needed for carrying out robotically assisted, minimally invasive surgery (MIS) 
while restoring haptic feedback.  The results of this research and development effort will 
have tremendous applications in robotic surgery and will lead to better and safer tissue 
handling; thereby, avoiding traumatic ischemia caused by vigorous grasping.  It will also 
improve current diagnostic capabilities by restoring the palpation abilities for the surgeon 
with the aid of specially designed tools and software. 
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Chapter 2: Literature Review 
 
 
 
Research in the area of haptics has been an active topic for the past few decades.  
Innovations in robotics and teleoperation systems have increased the need for remote or 
virtual manipulations that use human judgment, skill, and senses to perform these tasks 
in a safe and effective manner [2].  The use of haptics for remote or virtual manipulation 
has spanned many areas in society including the medical field, the automotive industry, 
and the gaming industry to name a few.  Specifically within the medical field, many 
researchers have focused on incorporating haptic feedback into robotic surgical 
systems.  Current robotic surgical systems, while providing excellent visual feedback, 
are incapable of providing force feedback.  Surgeons who operate using these robotic 
assistants do not have force and tactile feedback from the operative site as they are now 
have indirect contact with the surgical site tools.  Therefore, the need to incorporate 
force feedback capabilities into MIS procedures, especially in robot-assisted procedures 
provides an excellent opportunity to improve the quality of surgical procedures.  
Improvements in MIS systems will lead to significant societal impacts through better 
patient care, reduced morbidity, shorter hospital stays, reduced trauma, faster recovery 
times, and lower health care costs. 
The role of haptic feedback in robotically assisted surgery in general and MIS 
surgery in particular has yet to be determined.  Research thus far has shown that adding 
haptic feedback to robotic systems can provide substantial benefits over conventional 
surgery including reduced errors, lower tool forces, and better diagnostic capabilities [3, 
4].  However, there exist many problems that must be solved to incorporate haptic 
feedback into robotic surgery using methods that are both safe and effective.  Patient 
and surgeon safety, development of force-sensing instruments, and development of a 
multi-degree-of-freedom (DOF) haptic device are a few of the critical issues that must be 
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considered [5, 6].  In addition, the potential use of haptic feedback in telesurgery 
requires high system bandwidth and issues involving network and force feedback 
latency must be addressed [7, 8].  A major constraint for any robotic surgical system is 
the real-time calculation of the various parameters necessary for a visually and haptically 
realistic experience. For a realistic visual experience, images must be updated at a rate 
greater than 20Hz, and preferably around 30Hz.  Haptic systems require a much higher 
update rate, at least 500Hz but preferable around 1000 Hz. 
  
2.1  Robotic Surgical Systems 
There has been limited commercial development of robotic surgical systems recently 
that has led to the transfiguration of the operating room.  While these robotic systems do 
not currently serve as a replacement for the surgeon, they are designed to assist the 
surgeon in various surgical procedures with benefits for both the surgeon and patient.  
The use of these systems with minimally invasive incisions has further improved MIS 
benefits for the patient, such as shorter hospital stays, reduced trauma, and faster 
recovery times.  The benefits of such systems also extend to the surgeon through better 
surgical precision, elimination of surgeon fatigue, improved dexterity, and enhanced 
visualization of the surgical margin. 
 In 1985, the first robotic surgical system was used in the operating room for 
neurosurgical biopsies with CT guidance [1, 9].  This system utilized a PUMA robot arm 
with a probe guide mounted on the end-effector and a CT scanner for accurate 
positioning during brain tumor biopsies.  A few years later, the Probot system was 
developed for transurethral resection of the prostate [10].  The Probot system utilizes 
online ultrasound scanning, three-dimensional model construction, and a computer-
controlled robot to reduce the time of the procedure and improve the safety of the 
patient.   
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The first commercially available and Food and Drug Administration (FDA) approved 
robotic surgical system was ROBODOC® developed by Integrated Surgical Systems in 
1992.  This system was designed to precisely mill a cavity in the femur for placement of 
prosthetic implant in total hip arthroplasty (THA) surgery.  The ROBODOC consists of a 
five-axis SCARA robot with a six-axis force/torque sensor at the end-effector with 
attached cutting tool [11, 12].  The system uses a control cabinet for surgeon control of 
the robot and a display for monitoring robotic phases of operation.  While the 
force/torque sensor allows for force control and monitoring during operation, there was 
no force feedback to the surgeon. 
The first available robotic assistant was the Automated Endoscopic System for 
Optimal Positioning (AESOP) Robotic System that was released by Computer Motion, 
Inc. in 1994.  This system consisted of one robotic arm for holding and positioning the 
endoscope within the patient using foot pedals or voice-recognition software.   
The da Vinci® Surgical System (manufactured by Intuitive Surgical, Inc.) was the first 
endoscopic robotic surgical system with clearance by the FDA for use in the operating 
room in the U.S. [13].  Currently, it is approved for use in various surgical procedures, 
including general laparoscopic procedures, urologic procedures, gynecologic 
laparoscopic procedures, general non-cardiovascular thoracoscopic procedures and 
thoracoscopically assisted cardiotomy procedures [14].  The da Vinci® system consists 
of a surgeon console and patient cart with three or four robotic arms that are controlled 
by the surgeon.  The three main robotic arms hold two endoscopic tools controlled by 
the surgeon’s left and right hand and a high resolution, 3D endoscope.  The optional 
fourth robotic arm allows for use of third endoscopic tool.  Specific Endo Wrist® surgical 
instruments that attach to the robotic arms are cable-driven and allow for seven degrees 
of motion to mimic the motion of the hand and wrist.  The surgeon console consists of a 
3D visual display of the surgical field with two master mechanisms for simultaneous 
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control of two endoscopic instruments, one by each hand of the surgeon. 
 In addition to the da Vinci® Surgical System, Computer Motion Inc. developed the 
Zeus® Robotic Surgical System to perform endoscopic surgery.  The Zeus® system is 
similar to the da Vinci® system with three table-mounted robotic arms used to hold two 
endoscopic instruments and an endoscope.  The robotic arm used for the endoscopic 
employs the AESOP voice-controlled technology for positioning and visualization of the 
operating field.  The surgeon’s console allows the surgeon to sit upright with a video 
monitor and master handles positioned in front of him.  Unlike the da Vinci® system, this 
system is capable of using both straight-shafted endoscopic instruments and seven 
degree-of-freedom articulating instruments.  In 2003, Computer Motion, Inc. merged with 
Intuitive Surgical, Inc. and currently operates as Intuitive Surgical, Inc. 
 While systems such as the da Vinci® and Zeus® have entered the operating room, 
commercially available systems do not possess haptic feedback that allows surgeons to 
control surgical tool forces and diagnose tissue at the surgical margin.  The Zeus® 
system does not possess any force feedback capabilities while the da Vinci® system has 
very limited force feedback available that it becomes negligible for the surgeon [15].  
Therefore, the need exists to incorporate force feedback within these surgical systems.   
 
2.2  Laparoscopic Tools for Robot-Assisted Minimally Invasive Surgery 
Recent research on laparoscopic instruments for minimally invasive surgery and 
robot-assisted surgery has led to significant developments in laparoscopic tools and 
robotic assistants.  The move towards MIS and robot-assisted surgery has created 
opportunities for surgeons and engineers to address current issues such as the lack of 
haptic feedback, accurate tool positioning, and surgeon fatigue.  Generally, these 
developments can be classified into two distinct areas of research; force measurement 
in laparoscopic tools and telerobotic assistants for minimally invasive surgery. 
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2.2.1  Laparoscopic Tools with Force Measurement Capabilities 
Researchers have focused on both sides of the problem of lack of haptic feedback in 
robotic surgical systems, namely, the lack of surgical tools with force measurement 
capabilities and haptic interface devices that can reflect these forces to the surgeon.  
Focusing on the research into surgical tools, different methods have been proposed that 
include retrofitting a conventional laparoscopic tool with force sensors, developing stand-
alone, robotic laparoscopic tools with force measurement capabilities, and developing 
entire robotic surgical systems that integrate the robot, surgical tool, and force 
measuring capabilities as a single system. 
 The retrofitting of conventional laparoscopic tools, while not readily adaptable for 
robotic surgery, provides for in-vivo measurement of surgical forces via tools that the 
surgeon utilizes frequently, as well as, novel designs of force sensors that can be 
incorporated into robotic surgical systems.  Sukthankar and Reddy retrofitted 
laparoscopic forceps with strain gages at the handle and tool tip to characterize objects 
of different stiffness and investigate the relationship between the handle forces and the 
tool-tip forces [16].  Gupta et al conducted similar research using strain gages on a 
laparoscopic instrument to determine the difference between conventional and 
laparoscopic tool forces [17].  Bicchi et al also retrofitted a conventional laparoscopic tool 
with a force sensing module containing strain gages and an optical position sensor to 
obtain both the forces at the jaws and the angular displacement of the jaws [18, 19].  
Another prototype surgical tool was the retrofitting of laparoscopic grasper forceps with a 
commercial six-axis force/torque sensor that encapsulated the shaft of the forceps [20].  
Rosen et al added to this work by retrofitting a laparoscopic grasper with a six-axis force 
torque sensor on the shaft of the tool and a normal force sensor on the handle of the tool 
[21].  Thus, the grasping and manipulation forces at the surgical site, as well as, the 
exerted force by the surgeon on the handle could be accurately measured.  Recently, 
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Prasad et al developed a two degree-of-freedom force sensing sleeve for 5mm 
laparoscopic instruments [22].  The sensing sleeve has the advantages of compatibility 
and modularity among several types of surgical instruments. 
 While the previous research in retrofitting conventional surgical tools has involved 
using commercially available sensors, there has also been research on adding 
microelectromechanical (MEMS) force sensors to conventional tools.  Dargahi et al 
developed a micromachined piezoelectric tactile sensor for use in a laparoscopic 
grasper [23, 24].  The sensor consisted of PVDF sensing elements embedded in the jaw 
of the grasper beneath silicon teeth.  Each tooth possessed a separate sensing element 
for multiple measurements of the tool-tissue interaction forces.  Additionally, the PVDF 
sensor exhibits high sensitivity, a large dynamic range, wide bandwidth, and a high 
signal-to-noise ratio.  However, it also possesses the disadvantages of only dynamic 
force measurements, susceptibility to damage from shear forces, non-sterilizability, and 
high cost.  Subsequently, Dargahi developed a PVDF membrane sensor using only 
three sensing elements to reduce the complexity and fragility of the sensor [25].  This 
sensor also has applications as a tactile sensor in endoscopic graspers; however, 
implementation of the sensor on a grasper was not reported. 
 In addition to retrofitting laparoscopic instruments with force and tactile sensors, 
research has been conducted using alternative methods to determine the tool-tissue 
interaction forces in surgery.  Fischer et al have retrofitted conventional laparoscopic 
instruments, including a fan retractor and grasper, with force and oxygenation sensors at 
the end-effector of the instrument for simultaneous measurement of both parameters 
[26].  The goal of this research is to correlate retraction and grasping forces to the level 
of damage caused to the tissue at the surgical margin.   
 While research involving conventional laparoscopic instruments has shown much 
promise, further research in the area of automated laparoscopic tools with force 
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measurement capability has also been achieved.  These tools are similar to conventional 
laparoscopic tools, however, use novel designs to incorporate force sensing, as well as, 
force reflection to the surgeon.  Most of these tools also incorporate the advantage of 
actuation mechanisms for utilization in robotic surgical systems.  Lazeroms et al 
designed hydraulic forceps using a flexible tube filled with water that curls around tissue 
to grasp it [27].  Force measurement is controlled by the pressure in the tube.  
Hannaford et al developed a computerized endoscopic surgical grasper that consisted of 
two separate parts; a conventional Babcock grasper shaft and tool-tip (slave system) 
and a force feedback handle (master system) with each part containing a voice-coil 
actuator and position sensor [28-30].  However, the grasper does not contain any force 
sensors and only uses the actuators and position sensors for force feedback capabilities.  
Dingshoft et al also developed a similar master-slave system using DC motors and 
position sensors [31].  Faraz et al used the concept of a “tunable spring” for force 
sensing and reflection in a laparoscopic grasper master-slave system [32].  Brown et al 
have expanded on the previous work by Hannaford and developed an improved 
motorized endoscopic grasper that utilized a DC motor for actuation and a strain gage 
for measurement of the jaw force.  However, the strain gage was placed at a distance 
from the jaw, thus, incorporated the stiffness of the tool into the force measurements [33, 
34].  Finally, a laparoscopic master-slave system developed by Tavakoli et al provided 
four degrees of force feedback (three torques and one force along the shaft of the tool) 
to the surgeon [35].  The master system included a laparoscopic tool handle with a four 
axis force/torque sensor and strain gages attached to a haptic interface device while the 
slave system included a laparoscopic grasper tool shaft attached to a second haptic 
interface device.   
 Several researchers have expanded on the design of stand-alone surgical tools and 
have developed entire robotic surgical systems with force measurement capabilities.  
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These systems have been proposed as a diagnostic tool, a laparoscopic assistant to the 
surgeon, or a method to determine the forces and motions encountered in laparoscopic 
surgery.  The Black Falcon, which is an eight degree-of-freedom slave robot with a 
spherical wrist, uses a haptic interface device as a master controller [36].  The haptic 
interface device allows force feedback to be fed back to the surgeon as sensed by the 
actuators in the robotic wrist.  Hoshino et al developed a master-slave manipulation 
system consisting of two robotic arms (master and slave), each holding modified 
endoscopic forceps with a force measurement capability [37].  Pierrot et al developed a 
robotic ultrasound system that utilized the Mitsubishi PA-10 robot arm with attached 
force sensor for end-effector force control [38].  Some research has also been 
conducted for measurement of in-vivo surgical forces and movements.  Rosen et al 
developed the Blue DRAGON robotic system that allowed for tracking of the kinematics 
and dynamics of endoscopic tools [39, 40].  Subsequently, the data obtained from the 
Blue DRAGON has lead to the development of a seven DOF surgical manipulator [41].  
Additionally, Shimachi et al developed a robotic system with overcoat sensor for 
measurement of the surgical forces at the trocar [42]. 
 
2.2.2 Telerobotic Assistants 
 In addition to the research on laparoscopic instruments with force measurement 
capabilities, there has been significant development on general teleoperation platforms, 
laparoscopic assistants, and robotic surgical systems.  While these systems do not 
necessarily incorporate force feedback capabilities, their development has enabled 
advancements in robot-assisted minimally invasive surgery and surgical simulation.  
Taylor et al developed a telerobotic assistant for laparoscopic surgery that could position 
a laparoscope or surgical tool using through manual manipulation of the robot or through 
a joystick control [43].  Casals et al developed a similar robot to position a camera for 
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laparoscopic surgery using automated tracking of fiducial markers [44].  The robot would 
automatically adjust the camera to keep its focal point on the laparoscopic tools or 
surgical margin.  Krupa et al also developed a similar robotic system that used laser 
pointers to track and servo a laparoscope [45].  Munoz et al also developed robotic 
assistant for positioning of laparoscopic tools [46].  This robotic assistant was designed 
to use voice commands or direct teleoperation and can accommodate either a 
laparoscopic endoscope or transurethral prostate resector.  Berkelman et al has also 
developed an endoscope manipulator that uses a cable-driven mechanism [47].  The 
advantage of this assistant over previous research was multiple control methods (voice, 
pedals, joysticks, or head motion) and the simplicity of the system.  Cavusoglu et al 
developed a six DOF laparoscopic telesurgical workstation that consists of the 
conventional four degrees-of-freedom for the laparoscopic instrument (roll, pitch, yaw, 
and insertion), as well as, an additional two DOF wrist at the end of the laparoscopic 
instrument [48].   Finally, Tendick et al developed a laparoscopic testbed for surgical 
simulation and training [49].  This testbed system is capable of force feedback using 
modified PHANToM devices for the training of surgical motor and spatial skills.  
 
2.3  Haptic Device Development 
The development of haptic devices for the reflection of force and tactile feedback has 
spanned many decades.  Goertz and Thomson developed one of the first force feedback 
mechanisms in a robotic teleoperation system for use in nuclear environments during the 
1950’s [50].  Since then, extensive research on force feedback devices has been 
accomplished with a significant portion of the research occurring within the past two 
decades.  Recent progress in the area of haptics has focused on various applications 
including the medical, automotive, gaming industries.  Within the medical field, the 
advent of robot-assisted surgery has promoted haptics research dedicated to surgical 
 14
instruments and robotic systems that incorporate force feedback capabilities which are 
otherwise lost due to the indirect contact between the surgeon and patient. 
Research in the area of haptics has many potential applications and different types 
of designs; however, all must address key research issues in haptics.  These research 
issues are often dependent on the application for the haptic device and must be carefully 
considered in their designs.  The degrees-of-freedom, required workspace, and whether 
the device is grounded or portable are some of the most important parameters that must 
be addressed [5].  Additional parameters of haptic devices that must be considered 
include inertia, friction, stiffness, backlash, singularities, force bandwidth, 
backdriveability, dynamic range, and transparency [51].  However, these parameters 
may cause conflicting effects whereas some of the parameters are excellent while others 
have poor performance; therefore, it is often necessary to optimize the design of the 
haptic device according to the desired application. 
 
2.3.1 General application haptic devices 
Previous research has shown many general application haptic devices have been 
developed for various applications.  While these haptic devices were not intended for 
specific surgical applications, their appropriate use in a robotic surgical system is a 
potential application.  These general application haptic devices can be classified into 
three main categories; serial, parallel, and glove-type devices.  Serial and parallel 
mechanisms are the most widely researched while glove-type devices enable the 
advantage of portability for the user. 
Serial haptic devices consist of joints connected by links that are mounted 
consecutively in a chain-like configuration. This type of device benefits from a large 
workspace and is useful for the control and force reflection of a robotic arm or similar 
mechanism.  Ueberle and Buss developed ViSHaRD6, which is a serial haptic device 
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with a high force output and large workspace [52].  However, serial haptic devices often 
have the disadvantage of high weight and inertia since the actuators are usually 
mounted at the joint location and not at the base of the mechanism.   
Parallel mechanisms consist of a closed-loop mechanism that is connected to a base 
using two or more independent kinematic chains [53].  These mechanisms have the 
advantages of a compact footprint, high stiffness, and lower inertia; however, they also 
incur the disadvantage of a significantly smaller workspace than serial devices.  Many 
researchers have designed and developed parallel mechanisms as haptic devices due 
to these advantages which are desirable for accurate and efficient force reflection.  
Birglen et al developed SHaDe, a parallel, three degree-of-freedom spherical haptic 
device with a large workspace [54].  Millman and Colgate developed a four degree-of-
freedom haptic hand controller using a parallel linkage mechanism [55].  This device was 
able to reflect spatial forces in three directions and also a torque about its axis.  Several 
researchers have developed six degree-of-freedom haptic devices using parallel 
mechanisms for general purpose applications.  These devices use a fully-parallel 
mechanism for force and torque reflection to the user [2, 56-62].  In addition to fully-
parallel mechanisms, there are hybrid, parallel mechanisms where the number of 
independent kinematic chains is less than the total degrees-of-freedom of the 
mechanism [53].  The PHANToM haptic interface device (manufactured by Sensable 
Technologies, Inc) is a well-known and widely used hybrid, parallel haptic device with 
three to six degrees-of-freedom for a variety of applications [63].  Ellis et al developed a 
three degree-of-freedom haptic device with a parallel Cartesian mechanism [51].  This 
device used two parallel and one serial joint to improve the inertia and stiffness of the 
mechanism.  In addition, Kim et al developed PATHOS-II, which is a seven degree-of-
freedom haptic device using a parallel mechanism [64].  This device is similar to the six 
DOF devices with the extra degree-of-freedom for grasping. 
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Glove-type haptic devices consist of a glove or arm exoskeleton mechanism with the 
capability to reflect force to the finger, hand, and forearm.  These haptic devices have 
the advantages of a large number of degrees-of-freedom and a large workspace as they 
are a portable haptic device.  Portable haptic devices generally allow for unconstrained 
motion in space, whereas, non-portable devices are grounded; thus limiting the user’s 
motions [65].  However, these glove-type devices typically have the disadvantage of the 
lack of sufficient force feedback due to the limitation on the size of actuators on the 
portable device or a high weight due to numerous actuators attached to the device which 
is required for higher degrees-of-freedom.  Several researchers have investigated glove-
type haptic devices.  A commercial force feedback glove that is currently available is the 
CyberGrasp haptic glove (manufactured by Immersion Co.) [66].  It is capable of 
providing up to 12N of force to each finger of a user.  Bouzit et al developed the Rutgers 
Master II force feedback glove that provides up to 16N of force to the thumb and three of 
the fingers (index, middle, and ring) of the user [67].  Additional research projects have 
focused on similar gloves and hand exoskeletons that provide force feedback to multiple 
fingers of the user [68-70].  Finally, researchers have also incorporated glove-type haptic 
devices into an exoskeleton design for the human arm [71, 72].  These devices provide 
force feedback to the user’s hand and arm. 
 
2.3.2 Haptic Device for Robotic Surgical Systems 
In addition to the development of general application haptic devices, there has been 
significant research in the development of devices for the reflection of surgical forces to 
the surgeon.  Many of the developed surgical tools and systems have also incorporated 
a force reflection component for a specific surgical procedure or task.  One typical 
configuration is the addition of a force feedback handle that allows a surgeon to remotely 
control the surgical tool, as well as, receive tool-tissue forces as in conventional 
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laparoscopic surgery [27-31, 35].  Other researchers have used general application 
haptic devices, such as the PHANToM, to reflect the surgical forces to the surgeon.  
Additional researchers have designed and developed haptic devices with specific 
application to surgical tasks or procedures.  Matsui et al also developed a serial haptic 
device with specific application towards endoscopic surgery [73].  The PantoScope was 
a spherical haptic device developed by Baumann et al [74].  This device consists of four 
degrees of force feedback for use in simulating laparoscopic surgery.  Hayward et al 
developed the Freedom-7 haptic device for surgical training [75].  The device consists of 
six degrees-of-freedom for spatial positioning and orientation with the seventh degree for 
a surgical instrument attachment, such as a scalpel or forceps.  Payandeh et al have 
described several different haptic devices with applications towards surgical training [76].  
Trantakis et al developed the IOMaster 7D for virtual training in neuroendoscopy [77].  
This haptic device uses an endoscopic tool interface and controls the placement of the 
trocar and end-effector of the tool.  A five DOF haptic interface for planning of total hip 
replacement was developed by Tsagarakis et al [78].  The device is specific to planning 
the position and size of the incision and also can be configured for use with one or both 
hands.  Finally, Vlachos et al have also developed a five DOF haptic device for surgical 
applications toward urological procedures [79, 80]. 
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Chapter 3: Laparoscopic Grasper with Force Sensing Capability 
 
 
 
The proposed solution of developing a robot-assisted surgical system with force 
feedback capability requires the addition of force sensing instruments to the surgical 
theater, as well as, providing a force feedback mechanism to relay the measured forces 
to the surgeon.  Our approach to addressing the need for force measuring capability in 
surgical tools has involved the development of four generations of prototype 
laparoscopic graspers that have evolved from conventional laparoscopic tools to 
automated graspers with multidirectional force measurement capability.  Our initial 
studies involved retrofitting a conventional laparoscopic grasper with sensors for use in 
MIS.  A conventional laparoscopic grasper (manufactured by Ethicon) has been 
retrofitted with two strain gages on the handle and a position sensor to record the normal 
force exerted on the tissue by the jaws and the displacement of the jaws.  However, in 
order to use an instrumented laparoscopic grasper in a robotic surgical system, 
automated actuation of the jaws is necessary.  Therefore, our research focused next on 
the development of an automated laparoscopic grasper with force measuring capability 
through a calibration to the applied motor current; thus, requiring no force sensors on the 
tool.  Additionally, the jaws were designed to be modular and replaceable with cutting or 
dissecting jaws.  The next generation of our automated laparoscopic grasper involved 
the addition of force sensors for direct force measurement at the jaws and two additional 
degrees of force measurement for a total of three (normal, lateral, and longitudinal).  
Also, piezoresistive and resistive force sensors were incorporated into the jaw design for 
accurate measurement of the tool-tissue interaction forces at the jaw.  Finally, the 
current generation of our automated laparoscopic grasper has incorporated the previous 
tri-directional force measurement capability in a compact, modular design for use in a 
clinical setting. 
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3.1 Conventional laparoscopic grasper with force measurement capability 
For our initial prototype of a laparoscopic grasper with force feedback for minimally 
invasive surgery, we used a disposable laparoscopic grasper manufactured by Ethicon, 
Inc.  The laparoscopic grasper was modified for testing purposes through the addition of 
two strain gages and a position sensor on the active handle of the tool.  These 
modifications to the grasper created sensing capabilities for the characterization of 
tissue during grasping and palpation tasks; however, the functionality of the grasper was 
preserved as employed in MIS procedures. 
 
3.1.1  Design and Development 
 
 
Fig. 3-1: Strain gage (under tape, not visible) and position sensor locations on the laparoscopic 
grasper handle. 
 
 
 
The standard laparoscopic grasper consists of a 38cm rod with a 5mm diameter 
shaft that contains a jaw mechanism at one end and an active handle at the other end.  
The active handle rotates about an axis to actuate an internal rod that translates along 
the length of the tool shaft to control the opening and the closing of the jaws.  This 
instrument is used for grasping, palpation, and dissection of tissues within the body.  
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Two precision strain gages (manufactured by Measurements group, Inc) with overall 
dimensions of 3.05mm wide by 6.99mm long were attached to each side of the active 
handle of the instrument, opposite to each other, using a Wheatstone bridge 
configuration (see Fig. 3-1).  Using the gages, the applied force to the active handle is 
measured and by means of a kinematic analysis of the actuation mechanism, we can 
determine the tool-tissue interaction force at the jaws.  A position sensor (manufactured 
by Midori Precision Co, Ltd) was attached to the pivot of the active handle (see Fig. 3-1).  
This allowed for accurate recording of the angular motion of the handle; thereby 
establishing a correlation between the deformation of the tissue and the force exerted.  
In order to increase sensing resolution, the sensors were connected to a transducer 
amplifier. 
 
 
Fig. 3-2:  Kinematic diagram of the laparoscopic grasper actuation mechanism. 
 
 
After the laparoscopic grasper was retrofitted with the strain gages and position 
sensor, the prototype was then calibrated for accurate measurement of the grasping 
force and position of the handle and jaws.  An experimental setup was developed to 
measure the force applied by the jaws of the grasper.  The setup was designed to 
securely hold the tool in place while incorporating a controlled motion to operate the 
handle and place the upper jaw against a force sensor.  A six-axis force/torque sensor 
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(ATI 65/5 Gamma F/T sensor) was used to measure the tool-tissue interaction force 
while the output from the strain gages was recorded.  Using this calibration data, we 
then analyzed the kinematics of the laparoscopic grasper from the tool handle to the 
jaws.  Using Fig. 3-2, we developed the following relationships: 
αcos2 13 FF =          (3.1) 
dFcF d=+ )sin(1 θα          (3.2) 
bFaFv 3=            (3.3) 
where dF  is the reaction force exerted by the grasper while grasping the tissue, 1F  and 
3F  are the forces in the mechanism internal to the laparoscopic grasper, θα  and  are the 
angles of the jaw linkage, and vF  is the force exerted by the operator on the 
laparoscopic handle.  In addition, we define: 
KvFv =           (3.4) 
where K  is the relation between the applied load on the handle to the voltage generated 
by the strain gages and v  is the voltage generated by the strain gages.  Combining and 
simplifying Eq. 3.1-3.4, we obtain: 
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Next, the calibration process involved finding the value of K assuming a linear 
relationship of the applied load to the voltage generated by the strain gages. Through 
our calibration experiments, the value of K was determined to be 3.9.  Therefore, we can 
determine the force applied to the handle and the force exerted by the jaws of the 
grasper. 
A second experiment was conducted to determine the relation between the angular 
displacement of the jaws and the angular displacement of the handle.  The motion of the 
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handle is measured by the position sensor attached to the axis of rotation.  In this 
experiment, the handle of the grasper was fixed for different positions of the jaws, which 
include full open, full close, and positions between these limits.  Using the voltage 
feedback from the position sensor and the measured angle of the jaws with respect to a 
reference axis, the following relationship was experimentally measured. 
70.4155.12 +−= βθ          (3.6) 
where θ  is the angular displacement of the jaws of the laparoscopic grasper and β  is 
the angular displacement of the handle.  Therefore, Eq. (3.5) and (3.6) will show the 
force applied by the grasper on a tissue and the angular displacement of the jaws; thus 
characterizing the tissue.   
 
3.1.2  Tissue Characterization 
 
 
Fig. 3-3:  Prototype of the laparoscopic grasper with force feedback measurement capability. 
 
 23
After completing the calibration of the instrumented grasper, a tissue characterization 
experiment was conducted to characterize the simulated tissue models of varying 
stiffness.  By grasping various simulated tissue samples and recording the force and 
displacement of the tissue using the instrumented grasper, the stiffness of the samples 
can be determined.  For example, a higher stiffness sample would produce a higher 
force and lower deformation than a sample of lower stiffness.  In this experiment, six 
simulated tissues (hydrogels) with various stiffness were used.  The hydrogel is created 
using a combination of 90% polyvinyl alcohol (PVA) and 10% polyvinyl pyrrolidone 
(PVP) in a 10% concentration.  This solution was then caste into molds and subjected to 
several freezing/thawing cycles.  Six cycles were performed and after each cycle a 
sample was removed.  The simulated tissue samples were numbered from 1 to 6 (in the 
order they were removed) with sample 1 being the softest tissue while sample 6 was the 
hardest tissue.  All samples were identical in shape and size to prevent any visual cues 
that might indicate the stiffness of the sample prior to palpation using the grasper.  
Further information regarding the preparation of the hydrogel samples can be found in 
[81]. 
The laparoscopic grasper was used to grasp each of the hydrogel samples, starting 
with sample 1 (healthy tissue) through sample 6 (unhealthy tissue).  As the operator 
grasps each of the samples, the DS1103 board records the real-time force and position 
signal at a sampling rate of 2.5 kHz.  Fig. 3-3 is the graph of the results that shows the 
correlation between the deformation of the sample and the force exerted on the sample.  
As shown by the figure, the samples proceed from sample 1 that has a low force and 
high displacement to sample 5 that has a high force and low displacement.  It is clear 
from the figure that we were able to obtain a quantitative estimate of the force-
displacement relationship for the sampled tissues.  It should be noted that sample 5 
 24
shows a slightly higher stiffness compared to sample 6 in the figure since samples 5 and 
6 are similar in stiffness as quantified using compression tests on the samples. 
 
3.2 Automated laparoscopic grasper with force measurement capability 
Following our work on the conventional laparoscopic grasper with force 
measurement capability, the next step towards incorporation of a force measuring 
instrument into robotic surgery required the automation of the grasper.  Therefore, we 
proceeded to design a novel, automated laparoscopic grasper with force measurement 
capabilities similar to conventional tools.  Our design for the automated laparoscopic 
grasper was guided by constraints associated with conventional laparoscopic 
instruments, starting with the overall dimensions of the tool.  Conventional laparoscopic 
tools have long, slender tubes that are usually less than 15mm in diameter.  This 
compact, simplistic tool design allows for a small incision and less trauma to the patient.  
As a result, our first constraint was to restrict the outer diameter of the tube to 15mm.  
The next constraint was the size and movement of the end effector.  In conventional 
laparoscopic graspers, the angle between the jaws extends to a maximum of 90 degrees 
when fully open.  This allows the surgeon to grasp, cut, or dissect very thick tissue.  In 
addition, we wanted to design a transmission mechanism from the motor shaft to the 
grasper jaws, which would result in minimal friction and nearly zero backlash.  Finally, 
other constraints included modular jaws for easy conversion between surgical modalities 
and the capability to measure the normal grasping forces at the jaws. 
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3.2.1 Design and Development 
 
 
Fig. 3-4:  Prototype of the laparoscopic grasper with force feedback measurement capability. 
 
 
 
Fig. 3-5:  Modular jaw assembly. 
 
 
The prototype of the automated laparoscopic grasper utilizes a DC motor with cable-
driven pulley system to actuate the jaws (see Fig. 3-4).  The DC motor (model RE36, 
manufactured by Maxon) is direct drive actuator to enable a backdriveable mechanism 
and contains an incremental encoder for measurement of the motor shaft position.  The 
actuation mechanism operates using two steel cables that transmit the torque from the 
motor to the jaws via a set of pulleys.  A pulley with grooves, for securing the end crimps 
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of the cable, is mounted to the motor shaft.  The steel cable attaches to the motor pulley 
and then travels through a tensioning device and into the slender tube that extends 
along the length of the tool.  The cable then wraps around a second pulley (See Fig. 3-5, 
part C) located at the end effector with two revolutions to prevent any slipping of the 
cable on the pulley and creates a back drivable mechanism.  On the return path from the 
grasper, the cable bypasses the tensioner, and attaches to the motor pulley.  The cable 
routing is the same for the second cable except at the end effector pulley where the 
cable travels in the opposite direction compared to the first cable.  This configuration of 
the cable routing facilitates the opposing motion of the jaws that enables the 
opening/closing of the jaws, as well as, ensuring that each jaw will rotate the same 
amount in opposite directions. 
Our initial prototype has been designed as a laparoscopic grasper; therefore, the end 
effector consists of two serrated jaws to facilitate grasping (see Fig. 3-5).  The jaws were 
similar to those found on conventional laparoscopic grasper with a few modifications.  
The grasping area on each jaw is approximately 0.25 square inches.  This represents an 
increase in contact area of approximately 5 times over conventional tools.  In 
subsequent versions of this prototype, the contact area was scaled down to a 
comparable value with currently used jaws.  The jaws have also been designed with a 
quick-change feature.  Conventional laparoscopic tools always have secured the jaws 
within the tool.   This design made it impossible to offer any type of conversion between 
the various tools.  However, our prototype has the jaws mounted on the outside of the 
tool.  Therefore, the same laparoscopic tool can be changed into a dissector or a cutter 
by replacing the grasper jaws (by loosening the screws (Fig. 3-5, part B) on the jaws) 
with the appropriate tool.  This modular tool feature was designed to provide a simple 
method for changing surgical tool modalities without having to remove the entire tool 
from a surgical robot. 
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An analysis of the kinematics of this mechanism involves only the motor pulley and 
end-effector pulley as two parallel cables connect the actuator (DC motor) to the jaws. 
The motor pulley and the pulleys at the jaws have diameters of 9.5mm and 3.5mm 
respectively.  This represents a reduction ratio of 1:2.71 for the torque transmitted from 
the motor to the end-effector pulley.  This reduction was necessary for this prototype to 
adhere to overall size constraints of the tool.  In addition to the reduction ratio, the 
moment arm of the jaws is 19mm (midpoint of the serrated jaw to the center of the 
grasper pulley).  Therefore, the equation relating the end effector force Fj to the motor 
torque Tm is given by: 
mj TF ∗= 3.19           (3.7) 
where jF  is the force exerted by the jaws in milliNewtons and mT  is the motor torque in 
milliNewton meters. 
 
 
Fig. 3-6:  Tensioning mechanism. 
 
 
The tensioning system for our prototype uses an adjustment screw to tighten or 
loosen each steel cable (see Fig. 3-6).  It consists of a fixed support bracket (part A) and 
two moving frames (parts B & C), one for each cable.  The fixed support bracket 
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contains the adjustment screw (part D), which is attached to the moving frame.  Located 
on the moving frames is a set of ball bearings (part E) that the steel cable passes over.  
This reduces any friction in the tensioner to a minimum; thus, reducing the overall friction 
in the mechanism.  The moving frame acts as a third adjustable pulley that tensions the 
cable.  As mentioned above, the cable starts at the motor pulley and passes over the set 
of ball bearings before it goes to the lower pulley at the jaws.   However, as the other 
end returns back to the motor pulley, it bypasses the ball bearings and passes through 
the middle of the tensioner without contacting the tensioning mechanism.  This was 
designed to further reduce the friction in the system by eliminating unnecessary contact 
as the cable can be tensioning sufficiently using this design. 
As mentioned above, the DC motor includes an incremental encoder for 
measurement of the position of the motor shaft and provides a motor shaft resolution of 
0.18 degrees.  Based on the motor shaft encoder output and using the kinematics of the 
grasper, we can then determine the angular displacement of the jaws; thus, the 
deformation of the tissue during grasping tasks.  The normal grasping force is obtained 
through the applied current of the motor using the torque constant of the motor along 
with Eq. 3.7.  The automated grasper was controlled using the dSpace DS1103 
controller board (manufactured by dSPACE, GmBH) in conjunction with a motor 
amplifier.  We have developed a program using the dSpace DS1103 GUI that allows the 
user to input the desired position and control the grasper jaws while simultaneously 
measuring and displaying the grasping force to the user in real-time through the 
PHANToM haptic interface device (manufactured by Sensable Technologies, Inc.).  A 
PD controller was implemented to control the position of the jaws through an input on the 
dSpace GUI.  This control law is given by: 
)()( qqKqqK dvdp && −+−=Τ          (3.8) 
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where Τ is the motor torque, Kp and Kd are the proportional and derivative gains, xd and 
x are the desired and actual positions, and dx& and x& are the desired and actual 
velocities. 
 
3.2.2 Friction Estimation in the Automated Grasper 
 
 
Fig. 3-7:  Friction profile of the laparoscopic grasper actuation mechanism. 
 
 
The estimation of the friction in the transmission from the motor to the jaws is 
necessary for accurate feedback of the grasping forces to the surgeon.  As stated 
above, our laparoscopic grasper utilizes the applied motor torque to determine the 
normal grasping force applied by the jaws.  However, the total applied motor torque is a 
combination of the grasping and frictional forces in the system.  Therefore, the user 
would feel this combination of the grasping and frictional forces, possibly leading to error 
in identifying different tissue samples, unless there is compensation for the frictional 
force in the system.  By estimating the friction in the mechanism and then feed 
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forwarding it into our controller, we can avoid the frictional forces in our grasping force 
measurements and achieve a near frictionless transmission in the mechanism. 
An experiment was conducted to approximate the friction in the system.  A control 
program using the dSpace DS1103 was developed to open and close the jaws of the 
grasper at a very small velocity (0.77°/second) and record the applied motor torque 
required for the motion.  By rotating the jaws at a low velocity, we can approximate the 
friction in the mechanism as equivalent to the motor torque required to the move the 
jaws.  The results of this experiment are shown in Fig. 3-7.  As shown, the friction varies 
along the range of actuation of the jaws; however, the maximum torque in either 
direction did not excess a magnitude of 0.045 Nm.  This friction torque was then 
captured in a table and fed forward to our motor controller, resulting in the modified 
control law, given by: 
frdvdp qqKqqK τ+−+−=Τ )()( &&       (3.9) 
where τfr is the friction torque. 
 
3.2.3 Tissue Characterization using the Automated Grasper 
As with our conventional laparoscopic grasper, the tissue characterization 
experiment was used to determine the effectiveness of our automated grasper to 
correctly characterize simulated tissue samples of varying stiffness.  For this experiment, 
we tested hydrogel samples 1, 3, and 6 which represent soft, medium and hard tissue 
samples, respectively.  The soft sample (1) approximately represented normal liver 
tissue, while the medium sample (3) approximately represented a tumor in the formation 
stage and the hard sample (6) approximately represented a fully developed tumor.  A 
softer sample would require less force to deform while a harder sample would require a 
much higher force for the same deformation. 
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Fig. 3-8:  Tissue characterization using the automated laparoscopic grasper. 
 
 
 
Fig. 3-9:  Repeatability of the automated laparoscopic grasper. 
 
 
 Using the three different simulated tissue samples for the tissue characterization 
experiment, the samples were grasped by the automated laparoscopic tool and the 
measurements of the grasping force and angular displacement of the jaws were 
recorded.  The grasping force was calculated by the amount of current applied to the 
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motor as described above.  Fig. 3-8 shows a plot of the grasping force as felt by the user 
while grasping tissues of varying stiffness.  As shown by the figure, for the same jaw 
displacement, sample 6 had a higher grasping force for similar deformations than 
samples 3 and 1.  Additionally, sample 3 had a higher grasping force for similar 
deformations compared to sample 1.  This confirmed that the automated grasper was 
capable of distinguishing between simulated tissue samples of varying stiffness.  In 
addition, a repeatability test was conducted to verify this tissue characterization 
capability of the automated grasper.  As shown in Fig. 3-9, the hydrogel sample (3) 
shows similar force vs. displacement plots for each of trials.  Samples 1 and 6 also 
showed similar repeatability experiment results. 
 
3.3  Automated laparoscopic grasper with three degrees of force 
measurement capability 
 
Upon completion of our first automated laparoscopic grasper with force 
measurement capabilities, we evaluated the shortcomings of the grasper.  The use of an 
indirect grasping force measurement technique through the applied motor torque could 
lead to errors in the accuracy of the measured forces.  For instance, estimated friction in 
a system is only 80-90% accurate [82]; therefore, possibly leading to significant error in 
the measured grasping force.  Another shortcoming was the size of the grasper, 
specifically the jaws, that was much larger than the jaws of conventional laparoscopic 
graspers.  In addition, the maximum grasping force of 2N for the prototype was very low 
compared to grasping forces in surgical procedures that can be almost 20N in 
magnitude [76, 83].  Based on these shortcomings, we then designed a subsequent 
automated laparoscopic grasper that addressed these issues. 
Our next generation prototype was a 3-D force measurement laparoscopic grasper 
which incorporated the advantages of our previous designs with the addition of direct 
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force measurement and a more compact modular design.  The design has included a 
grasping jaw with five force sensors that have the ability to measure the grasping forces 
in three directions, namely Fx, Fy, and Fz.  This improvement will allow for a more 
accurate measurement and feedback of the grasping forces at the tool tip compared to 
other designs in our literature review which do not measure multi-directional forces at the 
tool tip.  Another key advantage of our design is the modularity of the end-effector to 
convert between a grasper, cutter, and a dissector.  The tool consists of two main 
components that include the actuation and transmission mechanism and the force 
sensing jaws. 
  
3.3.1 Actuation and Transmission mechanism 
 
 
Fig. 3-10:  Prototype of the automated laparoscopic grasper with 3-D force measurement. 
 
 
The prototype of the automated grasper has incorporated a DC motor with a cable-
driven pulley system for actuation of the end-effector jaws (see Fig. 3-10).  The use of 
cables as opposed to another type of transmission mechanism offers the advantages of 
low backlash, low frictional forces, low weight, and a compact design.  The DC motor 
used in our setup (model RE36, manufactured by Maxon) includes an incremental 
encoder and gearbox with an 18:1 ratio.  A motor with gearbox was used to increase the 
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torque for higher grasping force capabilities while maintaining a low weight of the 
mechanism.  The weight of the mechanism is important, as the grasper will eventually be 
mounted to a robotic arm as part of a teleoperation platform.  Specifically, the 18:1 ratio 
gearbox was chosen to maximize the torque output of the motor assembly while 
retaining a good backdriveability of the mechanism through the end-effector.  
Backdriveability of this mechanism is necessary for opening the jaws in an emergency 
situation where a power loss may freeze the motor and prevents the surgeon from 
remotely operating the jaws to remove the tissue.  The incremental encoder used with 
the motor had 500 counts per quadrature for a total of 2000 counts per revolution.  The 
addition of the gearbox with 18:1 ratio leads to a 0.01 degree resolution at the gearbox 
output shaft.  However, this resolution becomes 0.0362 degrees for the end effector jaw 
due to the transmission mechanism. 
 
 
Fig. 3-11:  Three tensioning mechanisms on the motor side of the laparoscopic grasper with 3D 
force feedback. 
 
 
The tri-directional force measurement axes for the prototype are shown in Fig. 3-
10(A) and the entire prototype grasper is shown in Fig 3-10(B). The entire grasper 
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assembly with the motor and housing weighs approximately 1 kg.  The motor assembly 
was mounted at the rear of the mechanism and is inline for a compact, aesthetic design 
(see Fig. 3-11).  The cable pulley transmission consists of a two-stage system for 
actuation of the jaws.  A pulley of diameter 12.7mm is attached to the motor shaft and 
connected to the driving pulley via a steel cable.  This transmission cable uses two ball 
bearings to rotate the motion of the motor pulley 90 degrees so that it may be 
transmitted through the shaft of the tool to the end-effector.  At the 90-degree turn, the 
cable passes over the two ball bearings (one for each direction) to reduce friction in this 
transmission.  The driving pulley contains two more steel cables (one for each jaw of the 
grasper) that have both ends attached to this pulley via cable crimps.  The cable routing 
consists of starting each of the cables at the driving pulley, passing them through the 
fine tensioner and shaft to the end effector (jaw) pulley.  At the jaw pulleys, each cable is 
wrapped around the jaw pulley (diameter = 3.5mm) one and a half times.  The cables 
then returns through the shaft, bypass the tensioner, and returns to the driving pulley 
where the cable crimp is secured.  At the jaw pulley, the cables are wound in opposite 
directions to create the opposing motion required in the jaws.  Therefore, by using the 
same driving pulley for both cables and changing the direction they are wound at the jaw 
pulley, each jaw will rotate through the same angular displacement relative to the 
grasper. 
The maximum continuous torque produced by the motor is 88.8 mNm.  The addition 
of the 18:1 gearbox, which has an efficiency of 75%, yields a maximum total torque of 
1198.8 mNm at the output shaft of the motor assembly.  As mentioned above, the motor 
pulley has a diameter of 12.7mm and the jaw pulleys have a diameter of 3.5mm.  This 
leads to a torque reduction ratio of 3.623:1 between the motor and jaws; thus, yielding a 
maximum 330.89 mNm of torque at the jaws.  The moment arm of the jaws was 
measured to be 25.4mm (jaw pulley to the center of the grasping surface); therefore, the 
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maximum force achievable by the grasper was estimated to be 13 N at the center of the 
grasper. 
 
 
Fig. 3-12:  Fine tensioning mechanism for the driving cable. 
 
 
 
Fig. 3-13:  Schematic of the cable routing through the fine tensioner. 
 
 
The tensioning of the steel cables in the tool, shown in Fig. 3-11, was accomplished 
with three separate mechanisms for the steel cables.  Two of the tensioner mechanisms 
are for the driving cables and work in conjunction with each other to sufficiently tension 
each driving cable separately.  The third tensioner is used for the transmission cable 
between the motor pulley and driving pulley.  The tensioning of the driving cable was 
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performed in two stages, a coarse initial tensioning and then a second fine tensioning.  
The coarse tensioning was performed by mounting the motor and driving pulley on a 
sliding plate that attaches to the base of the tool (see Fig. 3-11).  This sliding plate can 
be moved forward or backward through two adjustment screws located at the back end 
of the tool, beneath the motor, as shown in Fig. 3-11.  Since the jaw pulleys are fixed 
relative to the base of the tool, moving this plate forward or backward will increase or 
decrease the tension in the driving cables.  This tensioning mechanism was the first 
stage of the tensioning of the driving cables.  Since the cables start at the driving pulley 
and each connects to a separate jaw pulley, providing the same amount of tension to the 
cables with one mechanism is difficult due to cable stretching.  Therefore, once the two 
cables are sufficiently tensioned by the coarse tensioner, each cable must be finely 
adjusted further to the appropriate level of tension.  The second stage fine tensioning 
mechanism was mounted to the base of the tool and consists of two adjustment 
mechanisms (one for each cable; see Fig. 3-12).  The cable travels over two ball 
bearings that are attached to adjustable pulleys and over another two ball bearings that 
are fixed to the tensioner (see Fig. 3-13).  The vertical position of the adjustable pulleys 
is changed by a screw to increase or decrease the tension in the cable.  Therefore, each 
cable can achieve an adequate amount of tension independent of the other.  The third 
tensioning mechanism was used for the transmission cable between the motor and 
driving pulley.  The motor mount was attached to the sliding plate and was designed with 
the ability to slide relative to the sliding plate (see Fig. 3-11).  This allows for tensioning 
of transmission cable by changing the distance between the driving pulley and motor 
pulley.  Two screws located at the back of the prototype on each side of the motor are 
used to adjust the motor mount and the tension in the transmission cable. 
The control of the grasper is achieved by using the dSpace DS1103 controller board 
(manufactured by dSPACE, GmBH) with a motor amplifier.  Similarly to the previous 
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prototype, we have developed a program using the dSpace interface that allows a user 
to input a desired position of the jaws while also measuring the forces from the jaw 
sensors.  We implemented a PD controller to control the position of the jaws, given by: 
)()( qqKqqK dddp && −+−=Τ        (3.10) 
where T  is the motor torque, pK  and dK  are the proportional and derivative gains, qd 
and q are the desired and actual positions, and dq& and q& are the desired and actual 
velocities. 
 
3.3.2  3-D Force Measurement Jaws 
 
 
Fig. 3-14:  Assembly of the grasper jaw with sensors. 
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Fig. 3-15:  Cross section of the jaw showing the four piezoresistive sensors assembled inside the 
bottom case. 
 
 
 
Fig. 3-16:  Cross section of the jaw showing the contact points of the X-direction piezoresistive 
sensors with the protrusions of the upper case. 
 
 
 
One of the jaws of the grasper contains five force sensors for measurement of the 
tool-tissue interaction forces while the other jaw does not contain any sensors.  The jaw 
containing the force sensors had approximate dimensions of 15mm wide by 44mm long 
by 12.7mm high.  These dimensions represent an increase in size over conventional 
laparoscopic graspers, in particular in the width and height.  However, this prototype 
grasper was within size limitations of laparoscopic surgery and most importantly 
represented an improvement over the previous prototype.  The jaw without sensors had 
similar dimensions with the width and length the same as the jaw with sensors to ensure 
appropriate grasping between the two jaws; however, the height was only 2.5mm.  Both 
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jaws contain a stainless steel rectangular gripping surface with a surface area of 3.2 
square centimeters.  While this represents a significant increase over conventional 
laparoscopic grasper jaws, the size increase was governed by the packaging of the 5 
force sensors.  The jaw with sensors contains an assembly that consists of a thin, steel 
gripping surface (1.2mm thick), thin-film force sensor, and an upper assembly, which 
consists of the top cover, top case, bottom case, and four piezoresistive sensors (see 
Fig. 3-14).  The thin-film force sensor measured the normal grasping force while the four 
additional force sensors were necessary for measurement of the forces in the two 
directions (X & Y) as the sensors were only capable of measuring compressive forces.  
The jaw was assembled by attaching the gripping surface, thin-film force sensor, and 
bottom case to each other using a cyanoacrylate adhesive.  Next, the four force sensors 
were then inserted and constrained against a hard stop in the bottom case with space in 
front of the force sensing surface of each the sensor.  The top case of the jaw was then 
inserted into the bottom case with four protrusions that extend into the space in front of 
the sensors and applies a force in the associated direction when the jaw is grasping an 
object (see Fig. 3-15 and 3-16).  This applied force was achieved by designing the jaw 
as a floating body relative to the rest of the grasper.  The top case of the jaw was 
mounted directly to the laparoscopic tool on the jaw pulley; therefore, acting as a fixed 
mount for the top case.  The bottom case and top cover are then placed above and 
below the top case respectively and secured to each other using 4 small screws.  
However, the bottom case and top cover are not secured to the top case; rather they 
form an enclosure for the top case.  This enclosure creates a small gap (0.25mm) on all 
sides of top case.  This creates the “floating assembly” that is able to move with the 
grasped object and transmit the force exerted by the object onto the sensors.  Therefore, 
the jaw with the sensors is capable of measuring forces in three independent directions 
while maintaining a compact design as necessary in laparoscopic tools. 
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Fig. 3-17:  Thin-Film Sensor. 
 
Fig. 3-18:  Piezoresitive sensor. 
 
 
The force sensors used in this grasper consisted of one thin film sensor (see Fig. 3-
17, model 402, manufactured by Interlink Electronics) for measurement of the normal 
grasping force on the jaw and four piezoresistive sensors (see Fig. 3-18, FSS low profile 
force sensor, manufactured by Honeywell) for measurement of the lateral (Fy) and 
longitudinal (Fx) forces on the jaw.  The thin film sensor consists of a force sensing 
resistor where an applied load changes the resistance through the sensor.  It has been 
coupled with an amplifying circuit that consists of a voltage divider and operational 
amplifier to produce a voltage output.  This sensor has a range from 0 to 25 N with a 
resolution of less than 0.125 N.  This particular sensor was chosen, as the forces normal 
to the jaw surface would be the largest of the forces transmitted by the jaw to the tissue.  
In addition, the thickness of the sensor (0.2mm) allows for a compact design, which is 
desirable in order to keep the overall size of the jaw compact.  The piezoresistive 
sensors use a silicon strain gage in a Wheatstone bridge configuration.  As a force is 
applied to the bridge, one of the legs is strained causing the resistance to change.  This 
type of sensor also requires the use of an amplifying circuit, which consists of four 
operational amplifiers and two potentiometers to adjust the range and gain of the sensor 
output voltage.  As per manufacturer specifications, the full-scale range of this 
piezoresistive sensor is 0 to 1500 grams with sensitivity of 0.12 mV/gram.  The low 
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bandwidth and high sensitivity of this sensor allow it to accurately measure the lateral 
and longitudinal forces that have a lower magnitude of force compared to the normal 
grasping forces of the jaw. 
 
3.3.3  Calibration of the jaw force sensors 
 The calibration of the thin film and piezoresistive force sensors is necessary to 
develop the relationship between the sensor output and the applied force on the sensor.  
Since all of the force sensors are located within the jaw for direct measurement of the 
tool-tissue interaction forces, the sensors can be removed from the jaw for calibration 
experiments.  Using the each sensor with its appropriate circuit, various weights were 
loaded on each of the sensors to be calibrated and the output of the respective 
amplification circuit was recorded.  The data for each sensor was mathematically 
modeled using a least squares linear regression resulting in the following relations for 
each sensor. 
11 353.2 xx VF ∗=          (3.11) 
22 00.5 xx VF ∗=          (3.12) 
11 714.5 yy VF ∗=          (3.13) 
22 714.5 yy VF ∗=          (3.14) 
( ) zzz VVF ∗+∗= 00911.026234.0 2       (3.15) 
where 1xF , 2xF , 1yF , 2yF , and zF  are the forces in Newtons for each direction as 
indicated and 1xV , 2xV , 1yV , 2yV , and zV  are the sensor outputs in volts for each 
direction as indicated.  The modeled data is shown in Fig. 3-16.  As shown, the models 
of the piezoresistive sensors show a linear calibration curve while the thin film sensor 
shows a non-linear curve, as per the manufacturer specifications of both sensors.  Also, 
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one piezoresistive sensor shows a calibration curve with a significantly different slope 
than the other three curves.  This significant difference was due to differences in the 
amplification circuit; however, this did not inhibit the functionality of the piezoresistive 
sensor. 
 
3.3.4  Tissue characterization 
 
 
Fig. 3-19:  Tissue characterization using the 3D force measuring laparoscopic grasper. 
 
 
As with previous prototypes, the laparoscopic grasper was used to evaluate the 
forces detected by the tool when grasping tissue samples of varying stiffness.  For the 
experiment, we again selected three (1, 3, and 6 corresponding to soft, medium, and 
hard tissue respectively) of the hydrogel samples that had a significant variation in 
stiffness and would be easily differentiated by direct exploration with one’s fingers.  Each 
of the samples was fully grasped by the tool and the three components of grasping 
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forces, as measured by the jaw sensors, were recorded.  The final position of the jaws 
was held constant and the thickness of each sample was the same; therefore, the 
measured force is the only variable in the experimental setup.  We plotted the norm of all 
three forces combined in Fig 3-19 for characterizing the tissue sample as soft, medium, 
and hard.  As shown by the results, the grasper can distinguish between samples of 
different stiffness.  The soft hydrogel sample showed a peak force of 0.15 N while the 
medium hydrogel sample showed a peak force of 0.35 N.  The hard hydrogel sample 
showed a 1 N peak force, which was larger than the soft and medium samples.  As the 
tissue samples become stiffer, the required force to achieve the same compression also 
increases.  Therefore, the grasper’s capability of differentiating between tissues of 
varying stiffness has been demonstrated. 
 
3.3.5  Direct vs. Indirect force measurement 
 
 
Fig. 3-20:  Direct vs. indirect force measurement using the 3D force measurement laparoscopic 
grasper. 
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After verification of the capability of the grasper to characterize simulated tissue 
samples, an experiment to compare direct force measurement and indirect force 
measurement was conducted.  Direct force measurement refers to sensor placed at the 
location of the force to be measured while indirect force measurement involves placing 
the sensor remote to the force location.  An example of indirect force measurement is a 
strain gage on the handle of a laparoscopic tool to measure the force at the tool tip 
through an appropriate calibration.  However, the accuracy of the calibration is a 
potential issue with indirect force measurement.  Therefore, this experiment is a 
comparison of the current prototype with sensors in the jaws to the force measurement 
method in the previous prototype where the force was measured through a calibration of 
the motor torque relative to the end effector force.  This calibration involved removing the 
bottom jaw of grasper and placing a force/torque sensor (manufactured by JR3, Inc.) 
under the upper jaw to measure the grasping force.  By increasing the current applied to 
the motor, the force exerted by the jaw on the force sensor increased; thus the 
relationship between the motor torque and end-effector force was determined.   The 
calibration rule that was derived from this measurement was: 
mj VF *71.0=          (3.16) 
where Fj is the jaw force and Vm is a controller input proportional to the voltage supplied 
to the motor. 
We again used the hydrogel samples to conduct this experiment that consisted of a 
simple grasping task.  The soft hydrogel sample (sample 1) was grasped while recording 
the jaw sensor measurements, the motor torque, and the position of the jaws.  Next, the 
two methods of obtaining the force (direct and indirect) were plotted and compared.  As 
shown in Fig. 3-20, there is a significant difference between the two measurement 
methods.  While the indirect method showed a linear force curve from the calibration rule 
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and a similar final force measurement as the direct method, there is a significant 
difference in the force versus angular displacement loading profile.  This difference 
between the plots shows the error from inaccuracies in the calibration rule while using an 
indirect force measurement method.  These inaccuracies may be caused by incorrect 
friction estimation, cable stretching, and other characteristics of the mechanism that 
have changed after the calibration was performed.  Therefore, as shown in the figure, a 
direct sensing method will accurately measure the tool-tissue interaction forces while the 
indirect approach may not capture the actual forces during grasping/palpation tasks. 
 
3.4  Compact and modular laparoscopic grasper with tri-directional force 
measurement capability 
 
 
 
 
Fig. 3-21:  Prototype of the modular laparoscopic grasper. 
 
 
After completing the 3D force measurement prototype, the grasper was evaluated 
similarly to previous prototypes.  While the 3D prototype addressed several issues with 
force measuring laparoscopic tools, a final prototype development for a compact and 
modular laparoscopic instrument was desired.  Therefore, the design of the current 
version of our laparoscopic grasper was guided by our previous designs and the 
advantages they incorporated, such as low backlash, compact design, and tri-directional 
force measurement capability.  In addition to these characteristics, the current prototype 
was significantly improved by using smaller sensors, a significantly smaller shaft 
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diameter (~8mm), a linear actuation mechanism requiring no tensioning, and a modular 
instrument for easy conversion between surgical modalities. 
Our next generation prototype consists of two main components that include an 
actuation mechanism and a modular tool (see Fig. 3-21).  The actuation mechanism 
uses a DC motor with gearbox and encoder that drives a leadscrew connected to a 
linear positioning assembly.  This linear positioning assembly then connects to a push-
rod contained within the modular tool.  The push-rod translates along the shaft of the tool 
and actuates the two jaws of the tool using a linkage.  The design uses 4 strain gages 
mounted on the shaft of the tool near the end of the shaft closest to the jaws to measure 
the horizontal and vertical forces exerted on the tool end-effector.  Additionally, a small 
resistive force sensor is mounted in one of the jaws to measure the normal force during 
grasping and palpation tasks. 
 
3.4.1  Actuation Mechanism 
The actuation mechanism of the automated laparoscopic grasper consists of a DC 
motor (model RE36, manufactured by Maxon), linear positioning assembly, and quick-
connect mechanism for the modular tool (see Fig. 3-22).  The DC motor that was used 
for our prototype includes an 18:1 ratio gearbox and incremental encoder.  The motor 
with gearbox allows for an increase in torque using a smaller motor, thereby reducing 
the necessary weight of the tool.  A low weight laparoscopic tool is important as it will be 
mounted on the end of a robotic arm for telemanipulation.  An 18:1 ratio gearbox was 
used for the prototype due to its availability from a previous automated laparoscopic tool 
design, however, a smaller gearbox could be used to achieve the necessary torques 
required for grasping and palpation tasks.  As stated above, researchers have found that 
in a typical palpation task, the average magnitude of grasping forces is 12.5N [76] with 
additional studies showing similar values [83].  Therefore, we used these results as a 
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constraint for the magnitude of grasping force necessary at the jaws.  The prototype 
laparoscopic grasper is theoretically capable of producing up to 375N of grasping force, 
however, this does not account for frictional and spring losses.  Additionally, a smaller 
gearbox ratio would further decrease the magnitude of the grasping force at the jaws.  
The incremental encoder used with the DC motor had 500 counts per quadrature for a 
total of 2000 counts per revolution.  The addition of the 18:1 gearbox yields a 0.01° 
resolution on the output of the DC motor assembly.  Also, considering the linear 
positioning assembly and push-rod linkage, the effective resolution of the jaw angle is 
0.001°.  A jaw angle resolution of this accuracy is not necessary for laparoscopic 
graspers; however, the use of a smaller gearbox with the DC motor, as stated above, 
would increase the effective resolution of the jaw angle. 
 
 
 
Fig. 3-22:  Actuation mechanism of the modular laparoscopic grasper. 
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Fig. 3-23:  Modular grasping tool. 
 
 
 
Fig. 3-24:  Push-rod locking mechanism. 
 
 
Attached to the DC motor is a linear positioning assembly.  This assembly uses a 
leadscrew and adapter block to convert the rotational movement of the motor to a 
translational movement necessary to actuate the push-rod and opening/closing of the 
jaws.  The motor’s output shaft is coupled to the end of a 6.35 mm diameter leadscrew 
that has a pitch of 0.787mm.  The opposite end of the leadscrew passes through a 
threaded hole in the adapter block.  This allows the rotation of the leadscrew to translate 
the adapter block along the axis of the tool.  The adapter block uses two stainless steel 
dowel pins as supports and four ball bearings as guides along its translational axis.  
These pins and bearings prevent any rotation of the block along the leadscrew axis.  A 
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compression spring is preloaded to approximately 7N and placed between the motor 
shaft/leadscrew coupler and the adapter block.  This prevents any backlash in the linear 
positioning mechanism.  The backlash caused by the planetary gears in the DC motor’s 
gearbox (0.8°) is negligible as its impact on the mechanism is significantly reduced by 
the linear positioning assembly to approximately 0.076°. 
 The attachment of the modular tool to the actuation mechanism uses two locking 
mechanisms; one for the push-rod and one for the tool shaft (see Fig. 3-23).  The locking 
mechanism for the push-rod is located inside the adaptor block and consists of a spring-
loaded release button with a keyway hole used to couple the push-rod to the adapter 
block (see Fig. 3-24, part (a)).  The keyway hole consists of two different diameter holes 
that will lock (smaller diameter) or unlock (larger diameter) the push-rod.  Fig. 3.24 
shows a cutaway diagram of the actuation mechanism to demonstrate the steps to insert 
and lock the push-rod to the adapter block.  The first step involves partially inserting the 
push rod at the end of the tool shaft into the fixed mounting block (see Fig. 3-24(a)).  
Next, the release button is depressed to align the larger diameter keyway hole with the 
push-rod (see Fig. 3-24(b)).  The push-rod is inserted into the keyway hole while the 
release button has remained depressed (see Fig. 3-24(c)).  Releasing the button allows 
the smaller keyway hole to engage a 4mm long recess (1.6mm diameter) at the end of 
the push-rod shaft, thus, locking the push-rod to the adapter block and allowing 
actuation of the jaws (see Fig. 3-24 (d)).  The steps are performed in reverse order to 
unlock the push-rod and remove it from the adapter block.  The locking mechanism for 
the tool shaft consists of a fixed mounting block with keyway hole and adjustment knob 
that enables the tool shaft to be fixed to the actuation mechanism assembly.  The tool 
shaft uses an alignment slot for correct orientation and insertion of the modular tool into 
fixed mounting block.  The alignment slot is necessary to enable correct orientation of 
the jaws and sensors with the actuation mechanism.  Finally, the adjustment knob acts 
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as a set screw to lock the tool shaft in position with respect to the actuation mechanism. 
 
3.4.2  Modular Tool 
 
 
Fig. 3-25:  Sensor locations on the modular tool. 
 
 
The modular tool of the laparoscopic grasper has a diameter of approximately 8mm, 
a length of 330mm, and consists of the tool shaft, flex shaft, and jaw assembly (see Fig. 
3-25).  The three components of the tool are attached in series using threaded couplers 
internally.  A steel push-rod that couples the adapter block and jaw assembly is located 
inside the tool and extends the length of the tool protruding from the tool shaft at the end 
opposite the jaws for attachment to the adapter block.  The opposite end of the push-rod 
attaches to a linkage adapter that drives two jaw links, each attached to an individual 
jaw.  The overall size of each jaw is 31mm long by 5.5mm wide by 8mm high and has a 
rectangular grasping surface of 121mm2, which is comparable to conventional 
laparoscopic graspers.  Each jaw contains a pressed-fit 3.175mm diameter ball bearing 
as its axis of rotation and uses a 1mm diameter pin to attach it to the jaw mounting shaft.  
Therefore, the linkage attached to the jaws will rotate each jaw about its axis of rotation 
in equal and opposite directions.  This linkage mechanism in the modular tool is similar 
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to mechanisms in conventional laparoscopic graspers that actuate the jaws.  The push-
rod will open the jaws as it translates towards the jaws and will close the jaws as it 
translates towards the adapter block.  This configuration is necessary as the force 
required to close the jaws for grasping and palpating tissue is much larger than the force 
required to open the jaws. Thus, the push-rod should be in tension when exerting the 
larger force to prevent buckling of the push-rod. 
The modular tool contains five sensors, one resistive and four strain gages, to measure 
the normal grasping force and sideways tissue manipulation forces (see Fig. 3-25).  The 
resistive sensor (SF-4 model, manufactured by CUI, Inc.) has an overall size of 5mm 
long by 5mm wide with a height of 1mm.  This sensor has a response time of less than 
6µsec and a maximum load of approximately 29N.  The resistance of the sensor has a 
range from 10,000MΩ at zero load to approximately 15Ω at full load.  The sensor is 
located in one of jaws between the grasping surface and body of the jaw.  The sensor is 
attached to the body of the jaw using an adhesive and protected from the surgical 
environment using a thin film.  The grasping surface of the jaw was then attached using 
two PVC rivets to secure the grasping surface against the resistive sensor and preload 
the resistive sensor with approximately 1N force.  The preload on the sensor is used to 
improve its sensitivity of forces below 0.5N while maintaining the capability to measure 
high grasping forces (15N).  The four strain gages (model 125UN, manufactured by 
Vishay Intertechnology, Inc.) have overall dimensions of 3.05mm wide by 6.99mm long 
with a strain range of ±3%.  The gages were placed on the flex shaft section of the 
modular tool at 90° intervals (top, bottom, left, and right sides) with each one of them 
having the same orientation with respect to the modular tool.  The flex shaft component 
of the modular tool is a 30mm long section where the thickness of the shaft has been 
decreased to increase the strain at this location in the shaft and thus amplify the 
measurements of the four strain gages.  The thickness of the wall of the tool shaft in our 
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design is approximately 1.3mm; however, the flex shaft wall thickness has been reduced 
to 0.5mm.  This method has also provided a recess along the tool shaft for mounting the 
strain gages and protective covering without increasing the overall diameter of the 
modular tool.  Finally, two connections using 30 AWG wire were attached to each strain 
gage and the resistive sensor.  These wires then travel inside the tool shaft to the end of 
the shaft located at the connection to the actuation mechanism where the wires protrude 
through a small hole and terminate at a cable connector. 
 
3.4.3  Kinematics 
 
 
Fig. 3-26:  Kinematic diagram of the jaw assembly. 
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The kinematics describing the relationship between the DC motor output shaft and 
the angle of the jaws with respect to the axis of the tool shaft must be derived for proper 
control of the prototype.  As described above, the mechanism uses a leadscrew to drive 
a linear positioning assembly to actuate the push rod.  The push rod then drives a pair of 
links, one connected to each jaw, to enable the opening and closing of the jaws of the 
laparoscopic grasper.  Therefore, we examined the kinematics of the actuation 
mechanism and modular tool to determine the desired input/output relationship.  
Analyzing the linear positioning assembly, the conversion of the motor shaft’s rotary 
motion to linear motion using the leadscrew can be defined by: 
28
4.25
360
×= ompushrodx
θ
        (3.17) 
where pushrodx  is the linear displacement of the adapter block and push rod, mθ  is the 
angular displacement of the output shaft of the DC motor and gearbox assembly in 
degrees, and the ratio 
28
4.25
 represents the pitch of the leadscrew in millimeters.  Next, 
we derived the kinematics of the linkage in the jaw assembly that converts the linear 
motion of the push rod to a rotation motion to actuate the jaws.  Referring to Fig. 3-26, 
part A, the total distance between the link pin on the linkage adapter to the axis of 
rotation of the jaw is defined by: 
( ) ( )jawjawlinklinktotal ddd βα coscos +=      (3.18) 
where linkd  is the length of the link between the two pivot points, linkα  is the angle 
between the link and the horizontal axis along the tool shaft, jawd  is distance between 
the pivot point on the jaw for the link and the axis of rotation of the jaw, and linkβ  is the 
angle between the line denoted by jawd  and the horizontal axis along the tool shaft.  In 
addition, the distance, totald , remains constant as the reference distance between the 
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push rod start point, when o0=jθ , and axis of rotation of the jaw.  However, as the jaw 
opens, (3.18) can be rewritten as: 
( ) ( )jawjawlinklinkpushrodtotal ddxd βα coscos ++=      (3.19) 
where pushrodx  is the displacement of the push rod as shown in Fig. 3-26, part B.  Since 
our overall goal is to determine the angle of jaws, we observe that linkβ  will measure the 
rotation of the jaw if we can determine ( )o0=jlink θβ  when the jaw is fully closed.  Given 
the geometrical triangle bounded by totald , linkd , and jawd , we can develop ( )o0=jlink θβ  
using the law of cosines, such that: 
( ) ( ) ( ) ( )
⎥⎥⎦
⎤
⎢⎢⎣
⎡ −+== −
jawtotal
linkjawtotal
jlink dd
ddd
2
cos0
222
1oθβ     (3.20) 
Modifying (3.20), we can also determine the current value of linkβ  through subtraction of 
the displacement of the push rod from totald . 
( ) ( ) ( ) ( )( ) ⎥⎥⎦
⎤
⎢⎢⎣
⎡
−
−+−= −
jawpushrodtotal
linkjawpushrodtotal
jlink dxd
ddxd
2
cos
222
1θβ     (3.21) 
Finally, we can determine the angle of the jaw, jθ , through the following equation: 
( ) ( )o0=−= θβθβθ j          (3.22) 
Therefore, substituting (3.17), (3.20), and (3.21) into (3.22) will yield the relationship 
between the DC motor assembly’s output shaft ( mθ ) and the angle of the jaw ( jθ ). 
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Fig. 3-27:  Relationship between the DC motor shaft displacement and the angle of the jaws. 
 
 
Fig. 3-27 shows the resulting relationship over the range of actuation of the jaws.  As 
shown, the relationship between the input ( mθ ) and output ( jθ ) of the mechanism is 
nonlinear, therefore, this relationship must be modeled and incorporated into the 
controller for the prototype to eliminate any positioning errors.  Using a least squares 
linear regression analysis, we derived a best-fit cubic model for this relationship, given 
by: 
579.0058.010621.210959.6 2539 ++×−×= −− mmmj θθθθ    (3.23) 
where jθ  and mθ  are given in degrees. 
 
3.4.4  Control and Data Acquisition 
The control of the DC motor is achieved using an ADC/DAC data acquisition card 
(model 626, manufactured by Sensoray Inc.).  We have developed a program on the 
QNX real-time operating system that uses our previously developed haptic device to 
control the position of the jaws while measuring the forces from the sensors on the 
laparoscopic tool.  This program operates at 500Hz and implements a PD controller to 
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control the position of the jaws, which is given by: 
( ) ( )qqKqqKT dddp && −+−=        (3.24)                     
where T  is the motor torque, pK and dK are the proportional and derivative gains, dq  
and q  are the desired and actual positions of the jaws, and dq&  and q&  are the desired 
and actual velocities of the jaws.  The acquisition of the measured forces is achieved 
using amplification circuits and the ADC/DAC card to record the data from the sensors.  
The resistive sensor uses a voltage divider and operational amplifying circuit in 
conjunction with a 14-bit ADC channel to record the normal force from the tool-tissue 
interaction at the jaws.  The strain gages use a Wheatstone bridge with differential 
amplifier circuit in conjunction with a 14-bit ADC channel for each of the gages to record 
the manipulation forces. 
 
3.4.5  Calibration of the force sensors 
 
 
Fig. 3-28:  Electro-mechanical device for calibration of force sensors. 
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The calibration of the sensors on the prototype laparoscopic tool is required for 
accurate measurement of the tool-tissue interaction forces.  Specifically, the preload in 
the normal force sensor and the manufacturing tolerances of the prototype make it 
necessary to calibrate each sensor once it has been placed on the tool.  To perform this 
calibration, an electro-mechanical device that is capable of generating a linear force and 
recording the values was used (see Fig. 3-28).  This device consists of two linear slide 
rails mounted on a base on either side of an aluminum fixture.  A one degree-of-freedom 
linear actuation mechanism with a load cell mounted at the end-effector was attached to 
the linear slide rail.  This allowed the linear actuator to travel parallel to the aluminum 
fixture for proper alignment while producing a force and displacement perpendicular to 
the rail.  The aluminum fixture was used for mounting the prototype tool and sensors for 
calibration. 
 
 
Fig. 3-29:  Experimental setup for calibration of the resistive sensor. 
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Fig. 3-30:  Calibration curve for the resistive sensor. 
 
 
Calibration of the resistive sensor for normal force was performed by removing the jaw 
with the resistive sensor from the modular tool and attaching it to the side of the 
aluminum fixture using a cyanoacrylate adhesive (see Fig. 3-29).  This was necessary to 
accurately apply a force against the grasping surface of the jaw and measure the output 
of the resistive force sensor located inside the jaw.  A control program was developed for 
the linear actuation mechanism to increase its applied force on the jaw from 0N to 13N 
and then from 13N to 0N at a rate of 0.13N/sec while recording the measured values 
from the load cell and resistive sensor.  Therefore, a comparison of the load cell 
measurements, which are the actual forces applied, to the measurements of the resistive 
sensor will yield the calibration curve for the resistive sensor.  Fig. 3-30 shows the 
results of this calibration procedure.  The resistive sensor measurements have been 
filtered using a 5th order Butterworth filter to eliminate the high frequency noise.  
Additionally, a least squares linear regression was used to derive a best-fit mathematical 
model for the loading and unloading of the calibration curve, given by: 
13.09.44.260.0F 23 −+−= xxxloading       (3.25) 
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2.16.713104.343.0F 2345 −+−+−= xxxxxunloading      (3.26) 
where loadingF  and unloadingF  is the normal force in Newtons for loading and unloading 
curves respectively.  As shown in Fig. 3-30, the calibration curve for the normal force 
resistive sensor is non-linear and shows significant hysteresis, which is characteristic of 
this sensor as per the manufacturer specifications. Therefore, separate models for the 
loading and unloading of the sensor were necessary. 
 
 
Fig. 3-31:  Location of the strain gages on the flex shaft and loading positions for the strain gage 
calibration. 
 
 
 
Fig. 3-32:  Strain gage calibration curve for 
application of a force to the top of the jaws. 
 
 
Fig. 3-33:  Strain gage calibration curve for 
application of a force to the bottom of the 
jaws. 
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Fig. 3-34:  Strain gage calibration curve for 
application of a force to the left side of the 
jaws. 
 
 
Fig. 3-35:  Strain gage calibration curve for 
application of a force to the right side of the 
jaws.
 
Calibration of the strain gages was performed by mounting the entire prototype to the 
aluminum fixture on the mechanical calibration device.  The prototype was clamped at 
the actuation mechanism base with sufficient force to prevent any movement.  This 
setup was necessary to mimic the laparoscopic tool in surgery where it would be 
attached at the actuation mechanism base to a robotic arm, thereby constraining the 
movement of the actuation mechanism while allowing the tool shaft to deform in the 
presence of an applied load at the jaws.  Another control program, similar to the program 
for the resistive sensor calibration, was developed for the linear actuation mechanism to 
increase its applied force on the jaw from 0N to 10N and then from 10N to 0N while 
recording the measured the values from the load cell and strain gages.  The loading was 
performed at a rate of 0.1N/sec at 90° intervals (top, bottom, left, and right) on the jaw 
(see Fig. 3-31).  The measurements from the load cell and all four strain gages were 
recorded and plotted to obtain the calibration curve.  Fig. 3-32 to 3-35 show one loading 
cycle for the top, bottom, left, and right loading points, respectively.  As shown by the 
figures, a linear relationship exists between the strain gage output and the actual force 
measured by the load cell.  In addition, each figure shows a positive curve for the 
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loading point strain gage and a negative curve for the strain gage opposite to the loading 
point.  As expected, the remaining two gages, which are transverse to the applied force 
direction, show minimal measurements compared to the loading point strain gages.  A 
least squares linear regression was used to derive the best-fit mathematical model of the 
calibration curve for each strain gage.  The models for each of the calibration curves for 
the top, bottom, left, and right loading points are given by: 
092.059 += toptop xF          (3.27) 
11.061 −= bottombottom xF         (3.28) 
23.059 −= leftleft xF          (3.29) 
27.062 −= rightright xF          (3.30) 
where F  is the magnitude of force in Newtons exerted at the specified loading point and 
x is the strain gage output in volts at the specified loading point. 
 
3.4.6  Tissue characterization 
 
 
Fig. 3-36:  Tissue characterization using the modular laparoscopic grasper. 
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Fig. 3-37:  Repeatability of the modular laparoscopic grasper. 
 
 
As a demonstration of the capabilities of our modular laparoscopic tool, we have 
conducted the standard tissue characterization experiment to evaluate the force 
measured by the tool when grasping simulated tissue samples of varying stiffness.  For 
this experiment, we selected three hydrogel samples (corresponding to soft, medium, 
and hard tissue) that were identical in size and had a significant variation in stiffness to 
be easily differentiated with one’s fingers.  The experimental setup consisted of using a 
haptic device to control the laparoscopic tool’s jaws and grasp each of the simulated 
tissue samples.  As each sample was grasped, the normal force measurement at the 
jaws and the angle of the jaws were recorded.  As shown in Fig. 3-36, the results show 
that the laparoscopic grasper can differentiate between samples of different stiffness.  All 
three samples shown were grasped to a jaw angle of approximately 1°, therefore, all 
incurring the same deformation but a significantly different normal force for each sample.  
The soft hydrogel sample showed a maximum force of 0.4N while the medium hydrogel 
sample showed a maximum force of 1N and the hard hydrogel sample showed a 
maximum force of 2.2N for the same angular displacement of the jaw.  Additional tissue 
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grasping trials were performed with similar results for validation. Therefore, the grasper’s 
capability of distinguishing between tissues of different stiffness has been demonstrated.  
Additionally, this experiment was repeated multiple times for validation of the results.  
Fig. 3-37 shows a graph of three grasping trials for the hard hydrogel sample that show 
similar results.  Therefore, this experiment has shown the laparoscopic grasper’s 
capability of distinguishing between tissues of different stiffness. 
 
3.5  Discussion 
In this chapter, the development of four generations of laparoscopic graspers with 
force measurement capabilities has been discussed.  The first prototype grasper 
development utilized a conventional laparoscopic grasper retrofitted with two strain 
gages and position sensor for measurement of the forces and position of the active 
handle.  Through the kinematics of the tool, the position of the jaws and the grasping 
force exerted by the jaws was determined.  Since this conventional tool was manually 
powered by the surgeon, it was not suitable for robotic surgery where an automated 
actuation mechanism is required.  Therefore, the second prototype grasper was 
developed that used a DC motor with encoder and cable transmission for incorporation 
into a robotic surgical system.  The position of the jaws was measured by the encoder 
and the force exerted by the jaws was determined through a calibration of the jaw force 
to the torque of the motor.  Using the motor torque calibration to determine the jaw force 
led to the advantage of sensor-less jaws and modularity.  However, the use of an 
indirect force measurement technique can lead to significant error unless an accurate 
calibration of the mechanism is performed and repeated at regular intervals.  Due to this 
possible issue with the accuracy of the force measurement, a third prototype was 
developed to include force sensors within the jaws.  In addition to a normal force sensor 
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in the jaw, force sensors to measure the surgical manipulation forces lateral and 
longitudinal to the tool shaft were incorporated into the jaw.  The overall size of the 
grasper was also reduced compared to the previous prototype.  While the dimensions of 
this grasper was acceptable for laparoscopic surgery, this prototype was significant 
larger than conventional laparoscopic tools.  Therefore, a fourth generation prototype 
was developed to create a final compact design with the addition of a modular tool shaft 
with a quick connect mechanism.  This modular tool shaft was designed to be 
interchangeable between the various surgical tool modalities (e.g. grasper, cutter, and 
dissector).  In addition, a normal force sensor was placed in the jaw similarly to the 
previous prototype; however, the sensors to measure the surgical manipulation force 
were positioned on the tool shaft near the jaws.  Therefore, the overall size of the jaws 
and tool was reduced.  While the current version of our grasper has the tri-directional 
force measurement capabilities for incorporation into a robotic surgical system, future 
versions of the laparoscopic grasper may be further optimized.  The surgical 
manipulation forces currently are not measured along the axis of the tool shaft; however, 
these forces can be significant to the surgeon.  Additionally, the current da Vinci™ 
surgical system incorporates a wrist joint on the tool shaft whereas our laparoscopic 
grasper only actuates the jaws.  However, the main focus of this research was the force 
measurement of the normal grasping force and surgical manipulation forces. 
The evolution of the four generations of graspers has shown various improvements 
while retaining the capabilities of force feedback.  Tissue characterization experiments 
for each of the prototypes were conducted using the simulated tissue samples consisting 
of hydrogels.  Each of these prototype graspers demonstrated the capability to 
differentiate between simulated tissue samples of varying stiffness.  A higher grasping 
force and lower deformation indicated a sample with a higher stiffness than a sample 
with a lower grasping force and higher deformation.  An additional experiment to 
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compare direct and indirect force measurement was also conducted using the third 
generation prototype to grasp a hydrogel sample.  While the peak grasping forces for 
direct and indirect force measurement were the same, this experiment showed different 
loading curves during grasping of the sample.  This demonstrates the necessity of 
placing the force sensor close to the position of the force rather than a remote location 
along the tool leading to accurate force measurement. 
 
 67
Chapter 4: General purpose seven degree-of-freedom haptic device 
 
 
 
As detailed in Chapter 3, the development of laparoscopic instruments with force 
feedback capability enabled improvements in teleoperation system through the 
incorporation of force measurement capabilities.  While the previous research shows 
advantages in using these instruments, most of these systems are procedure specific 
and are not capable of representing all types of surgical procedures.  Therefore, our 
work towards the development of a haptic device was motivated to include the 
capabilities to reflect forces, both spatial and grasping, for most types of laparoscopic 
surgical procedures.  In addition to laparoscopic procedures, we also desired a haptic 
device that could also be used in open surgical procedures.  Finally, even though our 
haptic device was designed for surgery, it can also be used in other areas such as the 
automotive industry, gaming industry, rehabilitation aid for people with finger, hand, 
and/or forearm injuries, etc. 
Several constraints were considered in the design process.  The first constraint was 
the creation of an ergonomic design that conforms to the surgeon’s motions during a 
medical procedure.  Therefore, considering a surgeon’s hand and arm, there are five 
general movements that consist of grasping/cutting/dissecting tissue using two fingers, 
roll, pitch, and yaw of the wrist, and the linear motion of the forearm for translation.  All of 
these motions needed to be incorporated into the haptic device to replicate the 
surgeon’s natural motions and thus increase the transparency of the device.  Second, 
we needed to consider the location of force feedback in our device.  In any typical MIS 
surgical procedure involving grasping, cutting, or dissecting, the forces are felt at the 
laparoscopic tool tip, where the surgical tool interacts with the soft-tissue.  Therefore, it is 
desirable to produce a similar force feedback capability through the haptic device.   
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Other important design considerations were backdriveability, low friction, high 
transparency, adequate force ranges, static balancing, and a large workspace.   
 
 4.1 Design and Development 
 
 
Fig. 4-1:  Prototype of the haptic device. 
 
 
The device consists of a closed kinematic chain with two halves; a user interface and 
a spatial force feedback mechanism (see Fig. 4-1).  The user interface consists of an 
arm rest with four degrees-of-freedom position feedback (roll, pitch, yaw, and linear 
motion of the arm rest) and a grasping/dissecting mechanism at the end of the arm rest.  
Therefore, a user could insert their hand and forearm into the user interface and use the 
haptic device as a master device for controlling a slave robot, while receiving force 
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feedback.  The joints of the user interface proceed from the base → yaw joint → 
prismatic joint → pitch joint → roll joint → end effector joint (universal joint).  All of these 
joints, except for the prismatic joint, are equipped with encoders for tracking the position 
of the user interface (see Table 4-1 for joint limits).  The position of the prismatic joint 
can be determined from the position of the other three joints and the spatial force 
feedback mechanism joints.  The grasping/dissecting mechanism contains two thimbles 
for the user’s fingers (thumb and index finger, for example) that are coupled to a DC 
motor with an encoder.  This allows the user to fully control a grasping mechanism, such 
as a laparoscopic tool at the end of a robotic surgical system, and also receive force 
feedback as measured by sensors in the laparoscopic tool.  The spatial force feedback 
mechanism consists of a three degree-of-freedom positioning stage that attaches to the 
user interface at the grasping mechanism through the use of a universal joint (see Table 
4-1 for joint limits).  This mechanism was designed to provide force feedback in three 
directions through orthogonally-mounted linear actuators.  Therefore, this force feedback 
mechanism can relay manipulation forces, such as the pulling or pushing of an object 
(e.g. soft tissue in MIS), to the user in addition to the gripping forces felt through the 
grasping mechanism.  This mechanism was designed to apply all forces to the user at 
the grasping mechanism rather than through the joints of the arm rest.  This enhances 
the transparency of the haptic device by providing feedback to the user, which is more 
analogous to conventional open surgery where the surgeon primarily receives feedback 
at the point of contact with the soft tissue and/or organs.   
The range of forces for each axis of feedback was designed for general manipulation 
tasks and also robot-assisted MIS.  However, weight and inertia properties of the 
actuators must also be considered.  Previous research has attempted to define the 
range of forces that are felt during laparoscopic and conventional surgeries.  As stated in 
chapter 3, the average magnitude of force for a typical palpation task was 12.5N [76].  
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Another research experiment found grasping forces of similar magnitude with a 
maximum force of approximately 16N and a maximum pulling force (along the shaft of 
the laparoscopic tool) of approximately 17N [83].  Similar results were also reported by 
Baumann [74] and Gupta [17].  Therefore, we decided to use these experimental results 
as general guidelines for the magnitude of force feedback along the three spatial (X, Y, 
and Z) and grasping direction (θ). 
 
Table 4-1:  Joint limits for the haptic device. 
 
Joint Range of motion 
User Interface 
Yaw joint -40° to 35° 
Prismatic joint -76.2mm to 76.2mm 
Pitch joint 0° to 40° 
Roll Joint -75° to 35° 
Spatial Force Feedback Mechanism 
Prismatic joint 1 (X axis) 0mm to 223mm 
Prismatic joint 2 (Y axis) 0mm to 223mm 
Prismatic joint 3 (Z axis) 0mm to 183mm 
 
 
 
 
Fig. 4-2:  Diagram of the grasping mechanism of the haptic device. 
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In the design of the spatial force feedback mechanism, we used a cable-driven 
transmission powered by DC motors to actuate the prismatic joints.  Each of the motors 
uses a 6.35 mm diameter grooved pulley on its shaft with one (X and Z axes) or two (Y 
axis) idle pulleys at the limits of travel.  We selected brushed DC motors with encoders 
(RE40 manufactured by Maxon Motors) for each axis.  The DC motor is capable of 
providing up to 181 mNm of continuous torque, which equates to approximately 56N of 
force.  However, frictional losses reduce this number to approximately 40N (as 
measured experimentally).  The grasping/parting force feedback mechanism also uses a 
cable-driven transmission powered by a DC motor; however, the transmission involves 
two stages (see Fig. 4-2).  This two stage transmission allows the placement of the 
motor close to the pitch axis of the user interface to reduce the moment on that axis.  
The DC motor has a 6.35mm diameter pulley mounted to its shaft with a steel cable that 
transmits the force to an intermediate pulley that is 19mm in diameter.  Connected to this 
pulley is a 6.35mm diameter pulley that transmits the motion further to a 19mm diameter 
pulley, to which the thimbles are attached.  This transmission represents an increase in 
torque of 9:1 from the motor pulley to the thimble pulley.  The brushed DC motor with 
encoder (RE36 manufactured by Maxon Motors) is capable of producing up to 88.8mNm 
of continuous torque.  This equates to approximately 12.5N of force at the tip of the 
thimbles as desired from research in the literature.  Additionally, a redesign of the cable 
transmission from the DC motor to the thimble was recently completed to increase the 
theoretical force feedback in the thimbles from 12.5N to 22.7N; however, the friction in 
the mechanism will slightly reduce this value. 
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4.2  Kinematic Analysis 
This section describes the development of the forward kinematics of the user 
interface and spatial force feedback mechanism.  Additionally, a kinematic analysis of 
the universal joint at the user interface has been completed to evaluate the offset error 
for the roll axis encoder.  Finally, the Jacobian matrix of the spatial force feedback 
mechanism will be derived. 
 
4.2.1  Denavit-Hartenberg Parameters of the Haptic Device 
 
Fig. 4-3:  Coordinate frames for the user interface and spatial force feedback mechanism. 
 
 
The haptic device is designed as a closed kinematic chain with a universal joint 
connecting the spatial force feedback mechanism to the user interface.  Therefore, the 
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kinematics of the haptic device can be decoupled into two separate halves that both end 
at the universal joint (see Fig. 4-3).  These kinematic equations can then be used to the 
find the position of the prismatic joint on the user interface.  The position of the prismatic 
joint can be mapped to the corresponding translation of the end-effector of the slave 
robot in the global coordinate frame.  The movement of the grasping mechanism 
correlates to the opening/closing of the jaws of the laparoscope. Starting with the 
forward kinematics of the user interface, we placed coordinate frames on both halves of 
the haptic device (see Fig. 4-3).  Next, we obtained the D-H parameters of each half that 
are shown in Table 4-2 and Table 4-3. 
 
Table 4-2:  D-H parameters for the user interface of the haptic device. 
 
Joint θ α a (mm) d (mm) 
1 θ1- π/2 π/2 0 38.583 
2 π/2 -π/2 66.675 d2 
3 θ3 π/2 109.55 0 
4 θ4 0 53.772 192.34 
5 -π/2 0 82.98 0 
 
 
Table 4-3:  D-H parameters for the spatial force feedback mechanism of the haptic device. 
 
Joint θ α a (mm) d (mm) 
1 π/2 π/2 36.627 1d  
2 π/2 π/2 0 2d  
3 π/2 0 0 3d  
4 0 0 57.633 0 
 
 
The transformation matrix relating coordinate transformation from one joint to the next is 
given by: 
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where 1−iiT  represents the homogeneous transformation matrix from the i
th frame to the 
(i-1)th frame on the user interface side.  By pre-multiplying the homogeneous 
transformation matrices for successive coordinate transformations, we can the 
transformation matrix for the end-effector as seen in the base frame, namely 05T . 
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Similarly, for the spatial mechanism: 
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4 TTTTT =                              (4.3) 
where 1−iiT  represents the homogeneous transformation matrix between successive 
frames on the spatial force feedback side.  Based on the general definition of the 
homogeneous transformation matrix given by: 
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we can obtain the displacement vector, [ ]TdddD 321 ,,=→ , for the location of the universal 
joint in the base coordinate frame.  As a result: 
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and 
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where 
→
D  and 
→
D  relate to the displacement vector of the universal joint in base frame 
coordinates as viewed from the user interface and spatial force feedback side 
respectively.  Since 
→
D  and 
→
D  are equal (as they refer to the same end effector location 
(universal joint)), by knowing the values of the yaw ( 1θ  ), pitch ( 3θ  ), and roll ( 4θ ) (based 
on the encoder readings) of the user interface displacement matrix (Eq. (4.5)) and the 
values of 1d , 2d , and 3d  (based on the encoder readings) of the spatial force feedback 
mechanism (Eq. (4.6)), we can calculate the position of the prismatic joint on the user 
interface.  Further, the inverse kinematics of the spatial force feedback mechanism was 
developed from the displacement matrix (see Eq. (4.6)) to yield the joint positions based 
on the end-effector position given by: 
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where xd , yd , and zd  are the displacements of the end-effector with respect to the 
global coordinate frame. 
 
 
 
 
 
 76
4.2.2  Kinematic Analysis for Compensation Roll Joint Encoder Offset 
 
 
Fig. 4-4:  Uncompensated roll encoder error. 
 
 
As discussed in the sections above, the haptic device consists of four passive joints 
in the user interface (yaw, linear, pitch, and roll) and three prismatic joints in the spatial 
mechanism (X, Y, and Z).  The accurate measurement of the joint positions, six using 
incremental encoders and one through the forward kinematic analysis, allows the 
configuration of the haptic device to be determined, therefore, enabling the device to act 
as a master controller for a robot arm as is desired for our research.  While the spatial 
mechanism’s motors encoders and user interface encoders on the jaw and pitch joints 
are located at their respective axis of rotation, the encoder for the roll joint is not located 
at the axis of the roll joint; rather, it is mounted at the universal joint.  Mounting the 
encoder at the universal joints avoids any interference with the user’s arm in the haptic 
device or the need for an additional mechanism to capture the roll joint position.  
However, positioning the encoder at the universal joint measure not only measures the 
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roll joint, but also measures components of the yaw and pitch joints that affect the 
orientation of the universal joint.  A simple experiment to verify this error was conducted 
by mechanically locking the roll joint at 0° and operating the haptic device within its 
workspace.  Fig. 4-4 shows the roll encoder measurements during this experiment.  As 
shown in the figure, the error in the roll joint encoder can be up to 28 degrees, which will 
lead to significant errors in the positioning of a slave device while using the haptic device 
as a master controller.  Therefore, we must determine and compensate for this error 
from the encoder to ensure an accurate measurement of the roll joint.   
Fig. 4-5 shows the universal joint of the haptic device that contains three degrees-of-
freedom.  Using the method of D-H parameters, the three degrees-of-freedom of the 
universal joint have each been assigned a coordinate frame starting with the 5th frame of 
the user interface (shown as the end-effector coordinate frames for the user interface in 
Fig. 4-3) and all placed at the center of rotation for the three rotational movements of the 
universal joint.  Frames 5, 6, and 7 all contain a rotation about the Z axis of the 
respective frame as per the method of D-H parameter.  Frame 8 is the updated end-
effector frame of the user interface.  Therefore, frame 8 will always have the same 
orientation with respect to the global base coordinate frame (Fig. 4-3) since frame 8 also 
refers to the end-effector of the spatial feedback mechanism, which is fixed in its 
orientation with respect to the global base coordinate frame.  Since the orientation of 
frame 8 is known, we can calculate the rotation ( 5θ , about 5Z ) of the shaft connected to 
the roll encoder and thus calculate the error.  However, this calculation can be further 
simplified by eliminating the rotation from frame 8 to frame 7 since the Z axes for frames 
7 and 8 are coincident.   
 
 78
 
Fig. 4-5:  Coordinate frames of the universal joint. 
 
 
 In determining the roll encoder error, we must find the D-H parameters for the 3 
joints of the universal joint.  These parameters are found in Table 4-4. 
 
Table 4-4:  D-H parameters for the universal joint. 
 
Joint θ α a d 
6 6θ  -π/2 0 0 
7 7θ  π/2 0 0 
8 8θ  0 0 0 
 
 
However, joint 8 can be neglected in our calculations of the rotation matrix since the Z 
axes of coordinate frames 7 and 8 are coincident.  Developing the rotation matrix for the 
universal joint from joint 5 to joint 7 yields 
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Therefore, multiplying 57)(UIR  and 
0
5)(UIR  yields our new rotation matrix 
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Since we also know the orientation of the Z axis of the end-effector frame relative to the 
global base coordinate frame, the rotation matrix from joint 7 to the global base 
coordinate frame must be of the form 
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where 11r , 12r , 13r , 31r , 32r , and 33r are unknown values of the rotation matrix since they 
are calculated using 6θ , which is unknown.  However, if we take the component of 
matrix ( )07UIR  from row 2, column 2; and set it equal to zero as shown in equation 
(4.10), we obtain 
 ( ) ( ) 0641431641431 =−++− CSSCSCSCSSSC      (4.11) 
Next, we set 4θ  (roll joint) equal to zero so the value of 6θ  is only dependent on 1θ  (yaw 
joint) and 3θ  (pitch joint).  Therefore, we are left with the equation 
 ( ) ( ) 63161 CSCSS =          (4.12) 
which can be reduced to 
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where 6θ  is the error in the roll encoder from the jaw and pitch joints. 
Returning to the experimental data of the roll joint shown in Fig. 4-4, we used Eq. 
4.13 to calculate and eliminate the error in the roll encoder.  Fig. 4-6 shows the 
uncompensated measurements along with the error-compensated measurements.  As 
shown, the compensated roll encoder error is much smaller than the uncompensated 
error with a maximum error after compensation of approximately 5°.  This magnitude of 
error can be attributed to high tolerances in the components of the prototype haptic 
device, which cause significant “play” in the mechanism. 
 
 
Fig. 4-6:  Uncompensated and compensated roll encoder error. 
 
 
4.2.3  Jacobian matrix analysis of the spatial mechanism 
The Jacobian relating the joint velocities to the end-effector velocity is given by: 
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where LiJ  is the linear velocity vector, AiJ  is the angular velocity vector, 1−iu  is the unit 
vector along joint axis i, and eir ,1−  is the position vector from joint i-1 to the end-effector 
as expressed in the global coordinate frame.  Since we only have prismatic joints in the 
spatial force feedback mechanism, we need to calculate 1−iu  using the homogeneous 
coordinate transformation matrices from joint i to joint i-1 given by the equations: 
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where Ui is the rotation about the joint’s Z axis (θi), and Vi is the rotation about the X axis 
of the joint (αi).  Using these equations, we can define the unit vector 1−iu  using the 
following equation: 
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Solving for the unit vectors for each of the three joints of the spatial mechanism (using 
Eq. (4.17)) yields the Jacobian, J: 
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As expected, the velocities of the joints are independent of the other actuated joints and 
therefore, the velocity of the end effector along an axis is equal to the velocity of the 
actuated joint along the same axis. 
 
4.3  Workspace 
 
Fig. 4-7:  Workspace of the user interface in the global coordinate frame. 
 
 
Fig. 4-8:  Workspace of the spatial mechanism in the global coordinate frame. 
 
 
The workspace of a haptic device is often a key parameter to the design of the 
device.  As mentioned in the literature review, a serial device usually possesses a much 
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larger workspace than a parallel mechanism.  Portable devices, such as glove-type 
haptic devices, have even larger workspaces since they are not grounded.  Therefore, 
the calculation of the reachable workspace of our haptic device is necessary to 
determine the qualifying surgical procedures in which the device could be useful.  While 
the actual surgical workspace in a clinical surgical setting varies from patient to patient, a 
comparison of the reachable workspace of the device compared the to the actual 
surgical workspace within a patient (using medical imaging modalities) can be used to 
determine the haptic device’s usability, scaling parameters, or the necessity of a clutch 
to adjust for a particular procedure and patient.  While our haptic device was designed to 
approximate the surgical space (with sufflation) of a laparoscopic procedure for an 
average-sized person, the workspace for a particular procedure is usually smaller as the 
surgeon is usually operating in a local region depending on the surgical procedure.  
As our haptic device has a closed kinematic chain, an analysis of each half (user 
interface and spatial force feedback mechanism) of the device followed by the 
intersection of the halves will result in the reachable workspace of the haptic device.   
The reachable workspace can then be used to determine whether the device is sufficient 
for the range of motion in MIS procedures.  The workspace analysis consisted of using 
an algorithm to analyze the workspaces of the user interface and spatial force feedback 
mechanism separately.  We approached this analysis by developing Matlab code using 
the kinematics to track the end effector position in the global coordinate frame.  During 
this process, each joint is tracked through its full range of motion and results in an array 
of points within the workspace of the given mechanism.  Fig. 4-7 and 4-8 show the 
individual workspaces of the user interface and spatial force feedback mechanism with 
respect to the global coordinate frame of the haptic device.  Both of these workspaces 
are represented in the global reference frame in terms of position. 
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Fig. 4-9:  Reachable workspace of the haptic device. 
 
 
Next, we take the intersection of the workspaces of both halves to obtain the reachable 
workspace of the haptic device.  This is achieved by taking the boundary of the spatial 
mechanism’s workspace and finding all the points from the user interface’s workspace 
that are within this boundary.  Fig. 4-9 shows the reachable workspace of the device.  
This reachable workspace represents an estimated volume of 0.0041 cubic meters with 
dimensions of approximately 0.1905m wide by 0.1905m deep by 0.1143m high.  An 
algorithm was developed for volume estimation that discretizes the achievable 
workspace and determines which 3D elements are located in the workspace. 
 
4.4  Friction Estimation 
Another critical parameter of haptic devices is the transparency of the device.  
Transparency refers to the ability of the haptic device to feel “transparent” to the user.  In 
other words, the user should only feel the interactions in the virtual environment and 
should not feel any forces while moving through free space with the haptic device.  To 
increase the transparency of a haptic device, it is necessary to estimate the friction in the 
various actuated joints.  It has been shown that friction represents a major factor in the 
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position and force fidelity of MIS teleoperation systems [84].  Therefore, estimation of 
accurate friction in a haptic device is necessary for improving the overall performance of 
the device.  While using precision machined parts, bearings, cable transmissions, and 
other lower friction options for the actuators and joints can help reduce friction, it is 
impossible to eliminate it altogether.  However, by using a feed forward controller that 
can power the actuators to overcome the friction in the mechanism, an essentially 
“frictionless” device can be achieved. 
 
 
Fig. 4-10:  Friction measured along the axes of the spatial force feedback mechanism. 
 
  
Friction estimation and modeling of mechanism has been studied extensively in the 
past.  Canudas de Wit et al [85, 86] has described the four basic components of friction 
in mechanism; namely, coulomb friction/stiction, asymmetries, position dependence, and 
downward bends at low velocities, which should be modeled for adequate friction 
compensation.  One method towards compensating friction is through estimation of the 
friction torque using a series of breakaway experiments [82, 87].  The torque of the 
actuator is increased linearly until motion occurs and then returned to zero with this cycle 
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repeating over the entire range of the actuated joint.  In our friction estimation 
experiments, this cycle was repeated approximately 20 times per second to produce a 
very low velocity motion of the joint.  We measured the breakaway voltages of the motor 
at each position that produced this very low velocity movement of the joint 
(approximately 0.00025m/sec) and commanded each motor on the spatial mechanism 
(X, Y, and Z axes) through its full range of motion.  This voltage value for each position 
along the axis was then taken to be the friction voltage required for our feedforward 
model.  This friction calculation was performed on the three axes for both the forward 
and reverse direction.  The voltage was sampled at 1000Hz and then fed-forward in the 
controller through the use of a look-up table.  Through appropriate calibration, this 
friction voltage was converted to the friction torque necessary to overcome the friction 
along each axis of motion.  Each motor uses an amplifier to convert an input voltage to a 
proportional current to power the motor.  Therefore, the friction voltage, which is the 
voltage sent to the amplifier from the computer, can be converted to the proportional 
friction torque through the torque constant and applied current by the amplifier to the 
motor.  Fig. 4-10 shows the friction torque measured over the full range of each axis for 
both the forward and reverse motion.  As shown in the figure, the friction torque varies 
over the range of motion with the maximum friction torque of 32 mNm, which is 
approximately 17.6% of the maximum motor torque (181mNm). 
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Fig. 4-11:  Friction measured along the angular position of the grasping mechanism. 
 
  
In addition to the spatial mechanism, we measured the friction in the grasping 
mechanism (θ) using the same method as in the spatial mechanism.  The results are 
shown in Fig. 4-11.  The maximum friction measured for the grasping mechanism was 
24 mNm, which is approximately 27% of the maximum motor torque (88.8mNm). 
 
4.5  Force Feedback 
In order to develop the appropriate force feedback controller, the actuators of the 
haptic device must be calibrated to provide an accurate torque to each joint.  While 
using the motor torque specifications would provide a general calibration rule; the motor 
amplifiers and transmission mechanisms may alter this rule through latency, inertia, or 
other dynamic effects.  After the joints are calibrated to provide an accurate force, the 
force bandwidth of each actuator can be determined.  The force bandwidth is a measure 
of the system response to a sinusoidal force input.  A higher force bandwidth indicates 
higher frequencies at which a certain force can be stably applied to the user of the 
haptic device. 
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4.5.1  Force Feedback Calibration 
 
 
Fig. 4-12:  Experimental setup showing the load cell mounted on the spatial mechanism (X axis). 
 
 
In order to accurately control the force feedback on our haptic device, the relation 
between the motor control signal and generated force for each axis (X, Y, Z, and 
grasper) must be derived.  This derivation was performed through experimental 
measurements on each of the four axes.  A derivation of the generated force based on 
the known torque constant of our motor cannot be performed due to effects from the 
mechanism, such as friction, inertia, and gravity.   
A 45 N load cell was mounted to the corresponding linear rail of the axis to be 
calibrated (see Fig. 4-12).  A steel support was attached to the load cell to act as a buffer 
between the load cell and linear slide to prevent damage to the load cell and ensured an 
accurate transfer of the force from the linear slide to the load cell.  We then commanded 
the voltage signal used to control the motor of the linear axis under testing from 0 to 
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approximately 5 volts in 0.001 volt increments over 20 seconds.  The motor amplifiers for 
our haptic device were capable of receiving a voltage command signal from -10 volts to 
+10 volts that corresponds to the full torque range of the motor.  The voltage signal and 
applied force to the load cell were recorded as shown in Fig. 4-13, 4-14, and 4-15. 
 
 
Fig. 4-13:  Calibration curve relating motor command signal to the force generated by the X-axis. 
 
 
Fig. 4-14:  Calibration curve relating motor command signal to the force generated by the Y-axis. 
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Fig. 4-15:  Calibration curve relating motor command signal to the force generated by the Z-axis. 
 
 
As shown by Fig. 4-13, 4-14, and 4-15, each calibration curve shows a linear 
relationship between the motor command signal (voltage) and the force generated by 
the respective axis of the spatial force feedback mechanism.  This linear relationship 
also shows an offset for each of axes resulting from static friction effects in the actuation 
mechanism of each axis.  However, this offset can be neglected as the friction in our 
haptic device has been experimental measured and fed forward in our controller for the 
haptic device.  Therefore, adding the feed forward friction compensator to our controller 
will effectively shift our calibration curves in the negative direction and eliminate any 
offsets due to friction.  Focusing on the linear portion of each of the calibration curves 
and using a linear least-squares regression, we fitted a linear curve to our data resulting 
in the following relations: 
vFx 30.4=          (4.19) 
vFy 52.4=          (4.20) 
vFz 36.3=          (4.21) 
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where v is the motor command signal in volts and xF , yF , and zF  are the generated 
forces in Newtons along the X, Y, and Z axes respectively.  The motor command signals 
were then converted from volts to a scale from -8191 to +8191 for output on our PC 
Interface Card (Sensoray Model 626) to the motor amplifiers.  The -8191 to +8191 scale 
corresponds to voltages from -10 volts to +10 volts, thus converting our force 
relationships defined in Eq. 4.19-4.21 to: 
xFx 0053.0=          (4.22) 
xFy 0055.0=          (4.23) 
xFz 0041.0=          (4.24) 
where x is the motor command signal based on the -8191 to +8191 scale.   
 
 
Fig. 4-16:  Experimental setup showing the load cell mounted on the grasping mechanism. 
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Fig. 4-17:  Grasping axis force calibration curve relating motor command signal to the force 
generated by the grasping mechanism. 
 
 
An experimental setup similar to the one used for the spatial mechanism was used to 
calibrate the grasping mechanism (see Fig. 4-16).  The 45 N load cell with steel support 
was mounted to the grasping assembly as shown in Fig. 4-16.  We then commanded the 
voltage signal used to control the motor of the linear axis under testing from 0 to 
approximately 3.7 volts in 0.001 volt increments over 20 seconds.  The voltage signal 
and applied force to the load cell were recorded as shown in Fig. 4-17.  As shown by 
Fig. 4-17, the calibration curve for the grasping mechanism shows a linear relationship 
between the motor command signal (voltage) and the force generated by the grasping 
mechanism.  Similarly to the spatial mechanism axes, the calibration curve also shows 
an offset resulting from static friction effects in the grasping mechanism, which can be 
neglected since the grasping mechanism will also have a feed forward friction 
compensator in our haptic device controller.  Therefore, focusing on the linear portion of 
this calibration curve and using a linear least-squares regression, we fitted a linear curve 
to our data resulting in the following relations: 
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vFg 32.2=          (4.25) 
where v is the motor command signal in volts and gF  is the generated force in the 
grasping mechanism.  The motor command signals were then converted from volts to a 
scale from -8191 to +8191 for output on our PC Interface Card (Sensoray Model 626) to 
the motor amplifiers.  The -8191 to +8191 scale corresponds to voltages from -10 volts 
to +10 volts, thus converting our force relationships defined in Eq. 4.25 to 
xFg 0028.0=          (4.26) 
where x is the motor command signal based on the -8191 to +8191 scale.   
 
4.5.2  Force Bandwidth 
One of the key parameters of a haptic device is the force bandwidth for each of the 
active joints in the device.  Force bandwidth is defined as the response of the system to 
a sinusoidal force input command while incurring no displacement of the system.  In 
practical terms, the -3dB point on a Bode plot of the force response of the system will be 
defined as the force bandwidth for the system, given by: 
( ) ( )( )
0=
=
xinput
output
bandwidth F
F
F ω
ωω        (4.27) 
where ( )ωoutputF  is the amplitude of the force output of the system, ( )ωinputF  is the 
amplitude of the sinusoidal force input command, and x  is the position of the system. 
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Fig. 4-18:  Experimental setup for system response of sinusoidal force input along the X axis. 
 
 
In order to define the force bandwidth of the joints of our haptic device, we 
experimentally measured the force response of our haptic device along the X, Y, Z, and 
grasping axes.  Our experimental setup for the spatial mechanism axes (X, Y, and Z) is 
shown in Fig. 4-18.  As shown by the figure, a mounting bracket, with attached 45 N load 
cell, was attached to linear slide guide of the axis currently under testing.  A contact 
fixture was then attached to the load cell for proper force transmission from the actuated 
axis to the load cell.  The actuated axis was then given a sinusoidal input from 0N to 20N 
for 5 seconds at frequencies from 1Hz to 70Hz.  The sinusoidal input command and the 
load cell output were recorded and a Bode plot was generated for each of the axes (X, 
Y, and Z).  Fig. 4-19, 4-20, 4-21 show the Bode plots for the force response of the X, Y, 
and Z axes, respectively. 
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Fig. 4-19: Bode plot of force response for X axis. 
 
 
Fig. 4-20: Bode plot of force response for Y axis. 
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Fig. 4-21: Bode plot of force response for Z axis. 
 
 
As shown by the plots, the force bandwidth at -3 db on the Bode plot is 
approximately 15 Hz for the X, Y, and Z axis at 20N of force.  The human wrist can move 
up to frequencies of 12 Hz or higher; therefore, our prototype’s force bandwidth of 15 Hz 
for the spatial mechanism will satisfy this requirement [51].  Further, the force bandwidth 
of a haptic device can be significantly affected by factors, such as stiffness, friction, and 
inertia [56].  Therefore, slight improvements in the design and manufacturing of our 
haptic device will allow for a reduction in friction and possibly inertia while improving the 
stiffness of the device. 
 
4.6  System Model of the Spatial Mechanism 
In order to develop an efficient controller for the haptic device, the actuation system 
(X, Y, and Z axes) must be modeled.  This modeling can be accomplished by deriving 
the model of the mechanism using various parameters (friction, gravity, mass, damping) 
that can be determined through mathematical calculations or experiments for each 
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parameter.  The system can also be mathematically modeled using the frequency 
response of the system to develop a transfer function that describes the dynamic 
behavior of the system.  Our approach to modeling the actuation system of our haptic 
device utilizes a combination of the two aforementioned methods.  First, the coulomb 
friction and gravity (Z axis only) in the mechanism must be estimated (See section 4.4).  
After these values have been compensated in the controller, the remaining parameters 
of our system (mass, damping, viscous friction) were modeled experimentally as a 
transfer function of the system in the Laplace domain. 
In order to determine the transfer function, the frequency responses of the actuated 
axes (X, Y, and Z) of the spatial mechanism were measured.  A sinusoidal position input 
command using a proportional controller was implemented along each axis for various 
frequencies between 0.01 Hz and 50 Hz using the QNX Real-time operating system 
running at 500 Hz.  Additionally, the friction along each axis was fed forward into the 
controller which yielded the following control law: 
( ) ( )xfrictionxxKV dpinput +−=         (4.28) 
where inputV  is the voltage command signal sent to the motor amplifier, pK  is the 
proportional gain of constant value, dx  is the desired position of the joint as defined by 
the sinusoidal position input command, x  is the actual position of the joint, and 
( )xfriction  is the friction value at the specified location along the axis.  The control 
program recorded the desired position, actual position, and time for each experimental 
frequency and the magnitude plot of the Bode diagram was plotted for each axis (see 
Fig. 4-22, 4.23, and 4-24). 
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Fig. 4-22:  Magnitude plot of the Bode diagram for position response of the X axis. 
 
 
 
 
Fig. 4-23:  Magnitude plot of the Bode diagram for position response of the Y axis. 
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Fig. 4-24:  Magnitude plot of the Bode diagram for position response of the Z axis. 
 
 
As shown in the figures, the response of each of the axes demonstrates a standard 
second-order system (-40dB/decade).  Therefore, we fit second-order systems (see Fig. 
4-22, 4.23, and 4-24, solid line) to each magnitude plot to obtain an approximate closed 
loop transfer function of each axis given by: 
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where )(sYx , )(sYy , and )(sYz  are the outputs of the X, Y, and Z axes, respectively, 
and  )(sRx , )(sRy , and )(sRz  are the inputs of the X, Y, and Z axes, respectively in the 
LaPlace domain.  Once these closed-loop transfer functions were obtained, we then 
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derived the transfer functions of the plant of the system for each axis since the 
proportional control law and feed forward components of the controller are known. 
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where )(sY plantx− , )(sY planty− , and )(sY plantz−  are the outputs of the plants for the X, Y, 
and Z axes, respectively, and  )(sR plantx− , )(sR planty− , and )(sR plantz−  are the inputs of 
the plants for the X, Y, and Z axes, respectively.  Therefore, we can design an efficient 
controller for each axis since the transfer function of the plant for each axis is known. 
 
4.7  Discussion 
This chapter presented the development of a seven degree-of-freedom haptic device 
with applications towards robot-assisted surgery.  The haptic device consists of a 
passive user interface with four joints in which the operator places their wrist and hand.  
The end of the user interface contains a grasping mechanism for feedback of 
grasping/parting force, such as those encountered in surgery.  Also at the end of the 
user interface is a universal joint connected to the spatial force feedback mechanism.  
This spatial force feedback mechanism is an active three degree-of-freedom serial 
mechanism with prismatic joints for force feedback in the X, Y, and Z directions. 
Upon completion of the design of the haptic device, a kinematic analysis of 
mechanism was required.  This analysis was necessary to determine the position of the 
prismatic joint in the user interface as the prismatic joint did not contain a position 
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sensor.  Our approach to computing the kinematics of the haptic device was to decouple 
the user interface and spatial mechanism at the universal joint.  Therefore, D-H 
parameters were used to calculate the kinematics as each of these serial mechanisms 
was independent of the other; however, the end-effector of each mechanism was same 
position in the global reference frame.  A further analysis of the kinematics of the 
universal joint using D-H parameters was required to determine the error in the roll joint 
encoder.  This encoder was placed at the universal joint which was remote to the axis of 
the roll joint of the user interface.  Therefore, significant errors were induced in this 
encoder due to the position of the yaw and pitch joints.  Finally, the kinematic analysis 
was used to determine the achievable workspace of the haptic device.  The kinematics 
were used to locate the position of the end-effector of the user interface and spatial 
mechanism through the full range of all joints.  The calculated workspaces for the each 
half of the haptic device were then intersected to produce the achievable workspace of 
the device.  However, this achievable workspace only represents an estimation of the 
workspace.  The accuracy of this estimation is dependent on the size of the intervals 
where each joint is tested.  A smaller interval (e.g. every 0.1 degrees) between each test 
point creates a more accurate estimation than a larger interval (e.g. every 1 degree). 
One of the critical components of our haptic device was the estimation and 
compensation of the friction in each of the actuated joints to increase the transparency of 
the haptic device.  Therefore, accurate estimation of the friction was necessary to 
improve the capabilities of the device.  This estimation was performed using a low 
velocity motion over the range of each of the actuated joints and recording the motor 
torque required for this motion.  The motor torque values were then fed forward in the 
controller for the haptic device to achieve an essentially “frictionless” device.  While this 
estimation method produced sufficient results for our prototype haptic device, this 
method only captures the coulomb friction and not the viscous friction in the system.  
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Additionally frictional effects, such as asymmetries in the rotation of the motor shaft, may 
also contribute to the friction in the mechanism.  Future experiments to measure these 
friction effects and develop a model of the friction in the device may improve the 
transparency and overall performance of the haptic device. 
We have also presented the calibration of the force feedback capabilities and force 
bandwidth of the actuated joints of the haptic device and the system model of the spatial 
mechanism axes.  In order to provide accurate force feedback to the operator, the 
relationship between the force generated by each axis relative to the command signal 
must be determined.  While the motor torque constant in the specifications of the motor 
gives a general relationship between the applied force and command signal, inertial and 
friction effects in the device must be considered.  An experiment using a load cell 
mounted on each axis was used to determine this relationship.  Equations 4.19-4.21 and 
4.25 show the relationships for the X, Y, Z, and grasper axes, respectively.  Since these 
equations are based on a maximum command signal of 10 volts minus the estimated 
friction in the mechanism, the resulting maximum applied force is similar to the maximum 
theoretical force of each axis.  As shown by the results of this calibration in Fig. 4-13-
4.15 and Fig. 4.17, the calibration experiment ended at a command signal of 5 volts (~4 
volts for the grasper) which is half of the maximum value.  This 5 volt maximum 
command signal was used as a safety feature to prevent damage to the load cell as the 
relation between the applied force and command signal is linear by the specifications of 
the motor; therefore, a complete calibration experiment using the full 10 volt command 
signal range was unnecessary.  In addition to deriving this relationship, we determined 
the force bandwidth of the spatial mechanism as shown in Fig. 4-19–4.21.  Using force 
Bode plots of each axis; the force bandwidth was calculated to be approximately 15Hz at 
a force of 20N for the three axes.  Finally, additional positional Bode plots of the axes of 
the spatial mechanism was performed to derive the model of the plant of each axis.  Due 
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to the redesign of the grasping mechanism, the force bandwidth and system model were 
not currently completed; however, this is a component of the future work to be 
completed. 
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Chapter 5: Force Feedback for Robotic Surgical Systems 
 
 
 
 While the development of laparoscopic instruments with force measurement 
capabilities and haptic devices for reflection of surgical forces provide the basic tools for 
force feedback in robotic surgical systems, these tools must be integrated and tested in 
these robotic systems.  These surgical systems have many challenges involved with the 
integration of force feedback capabilities, such as bandwidth, latency, and human 
perception of haptic feedback.  As described in the literature review, several researchers 
have investigated the development of these robotic surgical systems with force feedback 
capabilities [36-38, 40-42]. 
 Our integration and investigation of force feedback capabilities in these surgical 
systems focused on the evaluation of the role of force feedback in robotic surgery and 
the assessment of our robotic surgical system through simple surgical tasks.  Our 
approach to evaluating the role of vision and force feedback in robotic surgery consists 
of using a previous prototype grasper with force measurement capabilities, CCD 
camera, and PHANToM haptic interface device to create a robotic tissue 
characterization system where the surgeon is remote to the surgical site.  Therefore, the 
CCD camera will display the visual information while the PHANToM will display the force 
information from the tissue characterization of simulated tissue samples using the 
prototype grasper.  Two hypotheses were investigated in this experiment.  Upon 
completion of our complete robotic surgical system, a preliminary assessment of the 
capabilities of the system must be completed.  This assessment involved performing 
surgical tasks of tissue characterization and surgical knot tying of a suture.  These 
specific tasks were chosen to focus on the two force feedback components in the robotic 
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system; namely, grasping and palpation forces (tissue characterization experiment) and 
manipulation forces (knot tying experiment). 
 
5.1 Analysis of vision and force feedback for remote surgical environments 
Concurrent with the development of the second generation automated laparoscopic 
grasper with force measurement capability (section 3.2), we also wanted to evaluate 
force feedback in laparoscopic tools and determine the benefits of using these tools.  
Therefore, we investigated the role of only vision feedback; only force feedback, 
simultaneous vision and force feedback, and direct exploration in soft tissue 
characterization.  During robot-assisted MIS, the surgeon must rely only on his vision to 
diagnose tissue at the surgical site.  However, laparoscopic tools with force 
measurement capabilities allow for simultaneous vision and force feedback of the tool-
tissue interaction at the surgical site.  Using a preliminary version of our teleoperation 
setup, two hypotheses were tested using tissue characterization experiments involving 
both surgeons and non-surgeons. 
 
5.1.1  Experimental setup and research protocol 
For these experiments, we used simulated tissue samples made up of hydrogel 
material to simulate soft tissue of varying stiffness.  As stated in section 3.1, further 
information about the hydrogels can be found in [81].  The first test consisted of using 
only vision to rank 3 tissue samples (numbers 1, 3, and 6) of varying stiffness from 
softest to hardest.  One sample at a time was grasped using the automated laparoscopic 
grasper with the jaws closing on the tissue to a desired angle.  The subject was able to 
view the sample through a video screen from a standard CCD video camera (using an 
isometric view of the tissue) in order to view the deformation of the sample.  Once the 3 
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samples (soft, medium, hard) were presented, the subject was asked to rank them from 
softest to hardest based on their observations.  It should be noted that during each trial 
the subject could request a replay of one or more of the samples before ranking the 
samples, therefore reducing error due to random guessing or forgetting.  The process 
was repeated for a total of five trials with the samples randomly arrayed for each trial.  
 
 
Fig. 5-1:  Subject interaction with PHANToM to obtain force feedback from the grasper. 
 
 
The second test consisted of the same method with the exception of using force 
feedback instead of vision feedback to characterize the tissue.  For this experiment, the 
subject interacted with the PHANToM haptic interface device by inserting their index 
finger in a thimble attached to the PHANToM (see Fig. 5-1).  The direction of the force 
feedback within the PHANToM was vertical and acting upwards.  Therefore, the subject 
was required to hold the edge of the desk with their thumb under the desk and other 
three fingers resting on top of the desk.  This setup was representative of palpation done 
by surgeons where arm dynamics do not affect the results.  Through the keyboard, an 
operator opened/closed the jaws while the subject received the force feedback from 
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each sample.  As in the first test, the grasper was set to close the jaws to the same 
angle for each sample in order to keep the deformation constant.  The subject could 
manipulate the PHANToM with their index finger to characterize the amount of grasping 
force for that particular sample.  Once the three samples were presented, the subject 
was asked to rank the samples in the order from softest to hardest.  This process was 
also repeated for a total of five trials.   
 The third test consisted of using both force feedback and vision feedback to 
differentiate between the three tissue samples.  This test was performed in the same 
way as the force test with the exception of having video feedback of the grasping task.  
The final test of this experiment was to rank the three tissue samples softest to hardest 
based on direct exploration of the samples with their fingers. 
 
5.1.2  Data Collection and Analysis 
 The experiment was performed by 20 subjects for a total of 900 trials (5 trials for V, 
F, V+F and 3 tissue samples to be characterized; hence 45 trials by each subject); 10 of 
which were surgeons who had experience in minimally invasive surgery and 10 of which 
were non-surgeons who had no surgical experience.  The data was collected in a 
qualitative fashion with responses characterized as either “true” or “false” and denoted 
by a value of 1 or 0 respectively.  For a particular trial to be characterized as true, the 
subject must have identified all three tissue samples in their correct order of stiffness.  
The data was then analyzed using a single factor analysis of variance (ANOVA) method.  
The ANOVA method tests two or more data sets to determine if there is a significant 
statistical difference between the data sets.  ANOVA generates a p-value (probability) for 
the null hypothesis (H0) and thus a probability for the hypothesis (H1) to be tested.  The 
lower the p-value, the smaller the probability for the null hypothesis to be true and 
consequently higher is the probability that there is a significant statistical difference 
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between the data sets (or the research hypothesis H1 to be true).  The level of 
significance (alpha value) that we used was 0.05; meaning that a hypothesis would be 
considered true if the p-value was less than the alpha value (p<α).  In addition, Tukey’s 
method was used as the post hoc ANOVA test.  Tukey’s method is used to test all 
pairwise mean comparisons after an analysis of variance in which the null hypothesis is 
rejected.  This method compares the difference in the means between the data sets with 
a pre-determined number that corresponds to the level of significance (α).  The pre-
determined number is obtained from the following equation: 
( )
n
MSEfaq ,αα =Τ            (5.1) 
where α=level of significance (0.05), a = number of populations, f = number of samples 
taken – number of populations, MSE = mean square error, and n = number of samples 
per population.  Therefore, when Tα is compared to the difference in the means of two 
data sets, a value greater than Tα would signify a level of significance of the null 
hypothesis less than α and hence a statistically significant difference between the data 
sets.   
 
5.1.3  Research hypotheses 
We performed the above experiments to test the validity of two research hypotheses 
that have direct clinical relevance.  These are: 
1. Providing only force feedback leads to better tissue characterization for all 
three samples compared to using only vision feedback for all three samples ( 
Fa > Va ). 
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2. Providing simultaneous vision and force feedback for all three samples is 
better than only vision feedback or only force feedback for all three samples ( 
(V+F)a > Va,  (V+F)a > Fa). 
The “>” sign denotes “is better than” in the above hypotheses.  Subscripts “s”, “h”, and 
“a” refer to soft tissue, hard tissue, and all three tissues respectively.  Also, we will 
denote only vision feedback, only force feedback, simultaneous vision and force 
feedback, and direct exploration by V, F, V+F, and DE respectively.      
 
5.1.4  Experimental results 
 
 
 
Fig. 5-2:  Percentage of successful tissue characterizations for each individual using each of the 
four methods. 
  
 110
The individual results for each subject testing the three tissue samples in each of the 
four methods; namely, V, F, V+F, and DE, are shown in Fig. 5-2.  Each individual 
performed five trials in each of the methods except direct exploration.  The subject 
needed only to distinguish between the samples using direct exploration once because 
of the relative easiness of this method compared to the others.  Overall, the average 
correct response using only vision feedback was 52% and using only force feedback 
was 67%.  Providing both vision and force produced an average of 83% and direct 
exploration produced an average of 100% correct. 
 
 
Fig. 5-3:  Percent correct per trial for only vision, only force, and vision & force feedback. 
 
 
Prior to conducting the experiments, several precautionary measures in the 
experiment design were incorporated to prevent any learning effects during the course of 
the entire experiment as to prevent skewing the data.  As explained above, the tissue 
samples were randomly presented in each trial and subjects were also given an 
opportunity for a replay to eliminate any random guesses.  Subjects were also given 
sufficient time to experiment with a sample tissue (not used in the actual experiment) to 
become acquainted with the setup and the PHANToM.  Each subject spent at least 10 
minutes practicing until they felt comfortable to begin the experiment.  The order of the 
experiments (vision feedback alone, force feedback alone, simultaneous vision and force 
 111
feedback, and direct exploration) was limited by the type of feedback and therefore could 
not be randomized.  Vision feedback alone and force feedback alone must be tested 
before simultaneous vision + force feedback and direct exploration because of the 
presence of more than one sensory clue.  If the above approach is not followed, the 
subjects may link visual and tactile clues, thereby, skewing the data towards the latter 
experiments.  The trials were thus presented in the following order: vision feedback 
alone, force feedback alone, simultaneous vision + force feedback, and direct 
exploration.  While these procedures to prevent learning effects were used, the data 
must also be analyzed to verify that no learning effects were present. 
To verify that there was indeed no learning effect in our experiments, we examined 
the data after the experiments were completed with all the subjects.  The results for only 
vision feedback, only force feedback, and simultaneous vision + force feedback were 
analyzed, however, it was not necessary to analysis the results from the direct 
exploration experiment as each subject only conducted one trial using this method.  The 
results for each trial of each of the three feedback methods (V, F, V+F) are shown in Fig. 
5-3.  As shown by the figure, there was no steady increase in the percent correct 
response as the trials progressed for each of the feedback methods that would 
characterize a data set with learning effects.  Thus, it can be concluded that the subjects 
did not exhibit a learning effect as the trials progressed.    
After the learning effect analysis, a statistical analysis was performed for evaluation 
of the data sets and hypotheses.  First, an ANOVA analysis was performed to evaluate 
whether there was a significant difference between the three data sets (V, F, V+F).  The 
p-value obtained when comparing all three data sets was 0.00001325, leading to a 
probability of greater than 99.99% that there was a significant statistical difference 
between the data sets.  However, further analysis is needed to determine which data 
sets are significantly different, which will be addressed in each of the hypotheses below. 
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Hypothesis 1:  Providing only force feedback leads to better tissue characterization for 
all three samples compared to using only vision feedback for all three samples ( Fa > Va ) 
 
 
Fig. 5-4:  Percent correct tissue characterizations between the three different simulated tissues 
using only vision and only force feedback. 
 
 
Our first hypothesis states that providing force feedback alone would lead to better 
tissue characterization compared to vision feedback alone.  As shown in Fig. 5-4, 
providing vision feedback alone and force feedback alone resulted in differentiating the 
tissue samples correctly in 52% and 67% of the trials respectively.  In addition, Tukey’s 
method was used to determine the statistical significance between the data sets 
consisting of only vision feedback and only force feedback.  Using a level of significance 
of 0.05, the value of T0.05 was calculated to be 0.1525.  Comparing this to the difference 
between the means (0.15) of the data sets, the T0.05 value is greater and therefore we 
cannot declare a significant statistical difference.  However, the two values are very 
close and would indicate a probability of the null hypothesis of 5.2%.    
Individually, surgeons were correct in 62% and 72% of the trials for only vision 
feedback and only force feedback respectively while non-surgeons were correct in 42% 
of the trials using only vision feedback and 62% of the trials using only force feedback.  
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Tukey’s method calculated values of T0.05 for surgeons and non-surgeons were 0.2095 
and 0.2194 respectively.  However, the difference in the means between vision feedback 
and force feedback for surgeons and non-surgeons was 0.10 and 0.20 respectively.  
Therefore, we cannot conclude that this hypothesis is true on an individual group basis. 
 
Hypothesis 2:  Providing simultaneous vision and force feedback for all three samples 
is better than only vision feedback or only force feedback for all three samples ((V+F)a > 
Va,  (V+F)a > Fa). 
 
 
Fig. 5-5: Percent correct tissue characterizations between the three different simulated tissues 
using the four methods. 
 
 
Our second hypothesis states that (V+F)a was better than Va or Fa for tissue 
characterization.  As shown in Fig. 5-5, the percent correct for vision, force, and 
simultaneous vision and force feedback was 52%, 67%, and 83% respectively.  A 
statistical analysis using Tukey’s method was performed to determine the significance 
between the data sets.  As explained above, the value of T0.05 was calculated to be 
0.1525.  The differences in the means, as shown by the data, between (V+F)a and  Va 
and also  (V+F)a and Fa was 0.31 and 0.16 respectively.  Therefore, both means were 
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greater than the T0.05 value signifying a statistical difference between the data sets and 
validating the hypothesis.     
Individually, the surgeons’ performance was 62%, 72%, and 84% correct for Va, Fa, 
and (V+F)a respectively and non-surgeons performance was 42%, 62%, and 82% 
correct for Va, Fa, and (V+F)a respectively.  Tukey’s method was performed and showed 
calculated T0.05 values of 0.2095 and 0.2194 for surgeons and non-surgeons 
respectively.  Comparing simultaneous vision and force feedback to vision feedback 
showed the difference in the means for surgeons and non-surgeons of 0.22 and 0.40, 
which were both greater than their respective T0.05 value.  Therefore, the hypothesis is 
further supported on an individual group basis.  The comparison of simultaneous vision 
and force feedback to force feedback is not necessary, as a surgical setting will not have 
only force feedback.    
 
5.1.5  Discussion 
This experiment was performed to evaluate the role of vision and force feedback in 
robotic surgery.  While the advantages of adding force feedback to robotic surgery are 
apparent, there has been no quantitative analysis of the advantages of adding force 
feedback.  Therefore, this experimental study was designed to determine the 
advantages of force feedback for tissue characterization tasks.  In open surgery and 
conventional laparoscopic surgery, surgeons grasp and palpate tissue to determine 
whether the tissue is healthy or unhealthy.  This grasping and palpating the tissue relies 
on the visual and haptic abilities of the surgeon for diagnosis.  In robotic surgery where 
the surgeon is no longer in direct contact with the tissue, the surgeon must rely solely on 
visual cues to differentiate between healthy and unhealthy tissue.  Therefore, this tissue 
characterization experiment was designed to quantify the various modalities for robotic 
 115
surgery that utilize the visual and haptic abilities of the surgeon.  Four modalities were 
explored, including using only vision feedback, only force feedback, simultaneous vision 
and force feedback, and direct exploration to differentiate between simulated tissue 
samples of varying stiffness. 
 As shown in the results of the experiment, the first hypothesis that stated using only 
force feedback will lead to better tissue characterization than using only vision feedback 
was not supported.  The percent correct using only vision feedback was 52% and the 
percent correct using only force feedback was 67%.  While this difference in 
percentages shows support for the hypothesis, a statistical analysis using a 0.05 level of 
significance does not show a significant difference between only vision feedback and 
only force feedback.  However, the probability of the null hypothesis was determined to 
be 5.2%.  Since the probability of the null hypothesis was very low, additional 
experiments should be conducted.  Our data set of 20 people should be expanded 
further to include more surgeons and non-surgeons for further verification of our 
experimental data.  Additional experiments would also enable more accurate statistical 
analyses of each data subsets (surgeons and non-surgeons).  The second hypothesis 
that stated simultaneous vision and force feedback would lead to better tissue 
characterization than using only vision feedback or only force feedback was supported 
by the experimental data as statistically significant.  As mentioned above, the percent 
correct using only vision feedback was 52%, the percent correct using only force 
feedback was 67%, and the percent correct for simultaneous vision and force feedback 
was 83%.  A statistical analysis between the simultaneous vision and force feedback 
and only vision feedback or only force feedback shows a statistically significant 
difference between the data sets.  Specifically, the difference between the simultaneous 
vision and force feedback and only vision feedback shows the advantage of adding force 
feedback in robotic surgical systems as it compared a robotic system with force 
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feedback to a robotic system without force feedback.  An analysis of the data subsets 
(surgeons and non-surgeons) shows similar statistical significances.  However, further 
experiments using additional subjects should be conducted to verify the current results 
and expand the analysis of the data subsets. 
 
5.2  Teleoperation platform with force feedback for robotic surgery 
 
 
Fig. 5-6: Teleoperation platform for robot-assisted minimally invasive surgery. 
 
 
Our main goal of this research was to develop an experimental testbed that consists 
of a teleoperation platform with force feedback capability for robot-assisted minimally 
invasive surgery (see Fig. 5-6).  The purpose of this platform was to evaluate the 
addition of force feedback to a robotic surgical system.  The teleoperation platform 
consisted of using the 7 DOF haptic device to control the Mitsubishi PA-10 robot arm 
and automated laparoscopic grasper attached to the robot arm’s end-effector.  The user 
(surgeon) is able to manipulate the laparoscopic grasper through six degrees-of-
freedom, as well as, control the opening/closing of the jaws of the grasper through 
actuation of the thimbles on the haptic device. 
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5.2.1  System Architecture and Components 
 The teleoperation platform which we have developed has the capability to measure 
tool-tissue interaction forces and reflect these forces to the surgeon.  In order to 
implement this system, we are using the previously developed haptic device as a master 
controller of the Mitsubishi PA-10 robot arm with attached laparoscopic grasper.  This 
system is controlled by a computer using the QNX Real-time Operating System to 
develop the C/C++ control software.  Communication from the control software to the 
robot arm is achieved through the ARCNET motion control card to the servo driver and 
then the robot arm.  ARCNET is a token passing LAN protocol which was developed by 
Datapoint Corporation [88].  Communication from the control software to the haptic 
device and laparoscopic grasper is achieved through two Sensoray Model 626 data 
acquisition cards.  Further details on the Mitsubishi PA-10 robot arm and Sensoray 
Model 626 data acquisition card can be found below. 
 The functioning of the control software can be described as follows: 1) the system 
obtains the positions of the joints on the haptic device from the Sensoray cards, 2) the 
inverse kinematic solution is calculated to determine the new position of the joints of the 
robot arm, 3) the control software obtains the position and velocity of the laparoscopic 
grasper jaws and calculates the desired position of the jaws based on the corresponding 
grasping joint of the haptic device using a PD control law, 4) the measurements from the 
force sensors on the laparoscopic grasper are obtained, filtered, and converted to a 
force through an offline calibration, 5) the friction torques of the four active joints of the 
haptic device are obtained using a “look-up” table containing friction values determined 
from previous experiments, and 6) the motor torques for the Mitsubishi robot arm, the 
haptic device, and the laparoscopic grasper are sent via the aforementioned 
communication methods.  This control loop currently operates at 425Hz, although, 
improvements to increase the speed of the system are being investigated. 
 118
The Mitsubishi PA-10 robot arm is a seven degree-of-freedom robot arm 
manufactured by Mitsubishi Heavy Industries.   The robot arm consists of an open 
control architecture which consists of the robot arm, servo controller, motion control 
card, and control computer.  Additional details regarding the robot arm and a description 
of the inverse kinematics of the robot arm can be found in [88].  For our experimental 
platform, we only use six joints while maintaining one joint (3rd joint on the robot arm) in a 
locked position, therefore, limiting the possible solutions to the inverse kinematics 
problem.   
The two Sensoray Model 626 data acquisition cards were used to interface both the 
laparoscopic grasper and haptic device with the computer.  Each Sensoray Model 626 
card include six 24-bit counters for encoders/timers, sixteen 16-bit differential A/D inputs 
operating at 15 kHz with either ±5V or ±10V input range, four 14-bit D/A outputs 
operating at 20 kHz with ±10V output range, and 48 digital I/O channels.  Overall, the 
haptic device contains seven encoders and four DC motors and the laparoscopic 
grasper contains an additional encoder and DC motor.  Therefore, two Sensoray Model 
626 cards were required to provide the necessary eight encoder counters and five D/A 
channels.  Also, five A/D channels were used to obtain the force measurements 
recorded by the sensors on the laparoscopic grasper. 
 
 
 
 
 
 
 
 
 119
 
5.2.2  Control System 
 
Fig. 5-7:  Teleoperation platform controller diagram. 
 
 
The control of our teleoperation platform for robotic surgery integrated the controllers 
for the modular laparoscopic grasper, seven DOF haptic device, and Mitsubishi PA-10 
robot arm.  As shown in Fig. 5-7, the user inputs an applied force to control the joints of 
the haptic device master.  The seven joints (three on spatial mechanism and four on 
user interface) define the position and orientation of the haptic device master with these 
joint positions as the inputs to the controller of the slave robot and laparoscopic grasper.  
Using the inverse kinematic solution to the Mitsubishi PA-10 robot arm, a proportional 
controller was implemented for positioning of the slave devices.  In addition, the grasping 
mechanism of the haptic device functions as the input to control the jaws of the modular 
laparoscopic grasper.  Similar to PA-10 robot arm controller, the grasper uses a 
proportional-derivative (PD) controller with a scaling factor of 1.5 times the grasping 
mechanism movement.  This controller allows for accurate positioning of the jaws of the 
grasper and reduces positional oscillations in the grasper in order to produce a stable 
force feedback to the user.   
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Fig. 5-8:  Coordinate frames for Mitsubishi PA-10 robot arm and 7 DOF haptic device. 
 
 
As mentioned above, the modular laparoscopic grasper measures the normal 
grasping force and the surgical manipulation forces through the sensors located in the 
jaw and on the tool shaft of the grasper.  Through the force calibration equations of the 
grasper and haptic device (developed in Ch. 3 and 4), the surgical forces are measured 
and fed back to the surgeon through the haptic device.  Since the normal grasping force 
and grasping mechanism on the haptic device is one dimensional, the method of 
feedback control is simplified.  The output of the normal grasping force sensor in the 
laparoscopic grasper is converted to a force using the calibration laws (Eq. 3.23 and 
3.24) that were experimentally derived.  Using Eq. 4.26, this force can be converted to 
the required motor command signal to generate the desired force using the grasping 
mechanism of the haptic device; thus, allowing the surgeon to “feel” the grasping force.  
The method of force feedback for the manipulation forces via the spatial mechanism of 
the haptic device required an appropriate mapping from the laparoscopic tool coordinate 
frame to the spatial mechanism coordinate frame.  A simplified mapping method could 
obtain the position and orientation information of the laparoscopic grasper using the 
position and orientation of the user interface of the haptic device as it is used as the 
master controller for the grasper.  However, the use of a scaling parameter or clutch re-
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adjustment in the teleoperation platform would eliminate the simplified mapping method 
as a viable option.  Therefore, we derived the force feedback mapping from the 
laparoscopic grasper to the haptic device using the joint position feedback from the 
Mitsubishi PA-10 robot arm.  As shown in Fig. 5-7, the resolvers in the joints of the 
Mitsubishi PA-10 measure all the joint angles, defined by 
6..1; =iiθ           (5.2) 
The forward kinematic solution for the Mitsubishi PA-10 was derived (see Appendix A) 
based on the D-H parameters given in [88].  Using the measured joint angles (Eq. 5.2), 
the transformation matrix from the end-effector of the laparoscopic grasper to the base 
frame of the Mitsubishi PA-10 robot arm was derived as 
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where ijR  represents the respective positions of the rotation matrix from the end-effector 
to the base coordinate frame and ip  represents the respective positions of the 
displacement vector from the end-effector to the base coordinate frame as solved in 
Appendix A using the joint angles (Eq. 5.2).  Once the transformation matrix is calculated 
in the base coordinate frame of the robot, the transformation must be mapped to the 
base coordinate frame of the haptic device.  Fig. 5-8 illustrates both the Mitsubishi PA-10 
robot arm and 7 DOF haptic device with base and end-effector coordinate frames.  
Observing the transformation from the Mitsubishi PA-10 base coordinate frame to the 
haptic device base coordinate frame, the figure shows that 10,0 −PAX  and 10,0 −PAY  reverse 
directions to become  HDX ,0  and HDY ,0  which indicates a rotation by π about the 10,0 −PAZ  
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axis.  Therefore, the transformation matrix from the base coordinate frame of the 
Mitsubishi PA-10 to the base coordinate frame of the haptic device is given by 
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By premultiplying Eq. 5.3 with Eq. 5.4, we obtain the transformation from the 
laparoscopic grasper coordinate frame to the haptic device base coordinate frame, given 
by 
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Using this transformation matrix along with the surgical manipulation force vector that is 
determined from the measurements of the strain gages on the grasper, we can then 
determine the force feedback vector in the base coordinate frame of the haptic device, 
given by 
G
HD
PAEEHD FTF 10, −=          (5.6) 
where HDF  is the force feedback vector and GF  is the surgical manipulation force 
vector.  Therefore, the force feedback vector can be integrated with the force calibration 
for the spatial mechanism of the haptic device (section 4.5) for feedback of the surgical 
manipulation forces to the surgeon. 
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Fig. 5-9:  Haptic device controller diagram. 
 
 
In addition to the force feedback controller, the haptic device must implement a feed 
forward friction compensator to increase the transparency of the device to the surgeon 
(see Fig. 5-9).  As mentioned in Chapter 4, the friction was estimated for each of the 
active joints in the haptic device.  These values were then compiled to form a “look-up” 
table for each joint.  Using a binary search algorithm, the friction value related to the 
current position of the joint is determined from the table.  This estimated friction value 
represents the Coulomb friction in the system; however, viscous friction effects at low 
velocities must be included in the friction compensator.  While the estimated friction was 
measured as the stiction torque, previous experimental studies on friction have shown 
that the friction torque decreases exponentially to approximately 60% of the stiction 
torque value [85, 86].  Subsequently, the friction then increases proportionally to the 
velocity.  Our controller uses a variation of this classic Coulomb/stiction friction model for 
low velocities of the active joints.  The controller provides 60% of the stiction torque 
value, as measured experimentally, at zero velocity and increase proportionally to the 
velocity of the joint until achieving the original stiction torque value where it is maintained 
at a constant level for higher velocities.  In addition to this friction model, we have 
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implemented an additional controller to determine the direction of motion for each of the 
active joints of the haptic device.  The friction compensation controller will activate if any 
movement is detected in either direction of motion for the particular joint and, 
consequently, will eliminate the friction compensation if the joint remains stationary for 
more than 100 milliseconds.  This feature is necessary to enable transparent changes in 
direction for each joint of the device.  If a user desired to change the direction of motion 
while the friction compensation was still active for the opposite direction, the user would 
have to overcome the friction in the joint, as well as, the friction compensation for the 
opposite direction.  This would create a non-transparent, highly fatiguing haptic device 
that is undesirable.  An alternate solution to this problem would be to equip the haptic 
device with force sensors in the user interface and grasping mechanism to determine the 
desired direction of motion and friction compensation. 
 
5.2.3  Robotic tissue characterization and suturing tasks 
Upon completion of the teleoperation platform, it was necessary to experimentally 
verify and demonstrate the force feedback capabilities of the platform.  The teleoperation 
system, as described above, was utilized for two experiments; namely, 1) 
characterization of simulated tissue samples of varying stiffness and 2) robotic knot tying 
for suturing tasks.  These two separate tasks were required for verification of operation 
of the system as each task focused on particular force feedback components.  The 
tissue characterization experiment will demonstrate the normal grasping force feedback 
of the teleoperation platform and the robotic knot tying will demonstrate the feedback of 
the manipulation forces for a knot tying task. 
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5.2.3.1  Robotic tissue characterization 
 
 
Fig. 5-10: Experimental setup for tissue characterization using the teleoperation platform. 
 
 
The first experiment using the teleoperation platform involved a tissue 
characterization task, similar to the tasks described in Chapter 3, using simulated tissue 
samples that consist of hydrogels that were also used in our previous experiments.  
While the previous tissue characterization experiments were conducted using the 
various laparoscopic graspers set in a fixed position, the current experiment 
incorporated the entire teleoperation platform including the haptic device, laparoscopic 
grasper, and Mitsubishi PA-10 robot arm for active positioning and orientation of the 
grasper relative to the simulated tissue sample.  In robotic surgical systems, the surgeon 
has the additional task of indirectly manipulating the surgical instrument using a robot 
through a control mechanism, such as a joystick.  In order to simulate this task, the 
current experimental setup has added manipulation capabilities that were not a 
component of the previous experimental studies on force feedback.  These manipulation 
capabilities increase the difficulties of tissue characterization as different positions and 
 126
orientations of the laparoscopic instrument may affect the measured normal grasping 
force.  Therefore, this experiment will verify and demonstrate the force feedback 
capabilities of the teleoperation platform for grasping and palpation tasks. 
 
 
Fig. 5-11: Grasping the hydrogel sample using the teleoperation platform. 
 
 
In this experiment, we selected hydrogels 1, 3, and 6 to represent soft, medium, and 
hard simulated tissue samples following the previous experimental studies.  One sample 
at a time was secured using a vise at 30° to the horizontal to facilitate the grasping and 
palpation of the sample (see Fig. 5-10).  The Mitsubishi PA-10 and modular laparoscopic 
grasper were initially positioned in front of the vise with sufficient manipulation capability 
to grasp and palpate the hydrogel sample.  The operator of the system, using the haptic 
device, positioned and oriented the robot arm and grasper in order to grasp the sample 
as shown in Fig. 5-11.  The operator actuated the thimbles on the haptic device to 
control the jaws of the modular grasper; thus, grasping and palpating the simulated 
tissue sample with several opening and closing motions.  In addition, the normal 
grasping forces were fed back to the operator via the thimbles on the haptic device.  In 
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order to achieve an accurate measure of the deformation across all trials, the jaws were 
positioning to 10° before each experiment and the grasper would close to zero degrees 
using the thimbles on the haptic device for each sample to create equal deformations of 
the samples during each trial.  The experiment consisted of 5 trials for each sample (1, 
3, and 6) for a total of 15 characterization trials.  During each trial, the operator 
performed a minimum of three grasps of the sample for evaluation of the sample. 
 
Table 5-1: Maximum grasping force at the peak deformation during tissue characterization. 
 
 
 
 
Fig. 5-12: Plot of the grasping force for the soft, medium, and hard hydrogel samples. 
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The results of the tissue characterization experiment are shown in Table 5-1.  
Additionally, a representative plot of all three samples for trial 5 is shown in Fig. 5-12.  
Trials 1-4 produced plots similar to the plot for trial 5.  Overall, the mean maximum force 
per grasping trial was 1N with a standard deviation of 0.15N for the soft sample, 1.66N 
with a standard deviation of 0.12N for the medium sample, and 1.92N with a standard 
deviation of 0.20N for the hard sample.  Therefore, the medium hydrogel sample 
required a higher grasping force than the soft hydrogel samples and the hard hydrogel 
sample required a higher grasping force than either the soft or medium sample for the 
same deformation.  Therefore, the results from this tissue characterization experiment 
demonstrate the capability of teleoperation platform to distinguish between simulated 
tissue samples of varying stiffness. 
 
5.2.3.2  Knot tying task for robotic suturing 
The second experiment using the teleoperation platform consisted of a knot tying 
task for robotic suturing.  The task involved tightening a surgical knot and measuring the 
manipulation forces to achieve a secure knot.  In open and laparoscopic surgery, the 
surgeon has direct contact with the suture through surgical instruments.  Therefore, the 
surgeon can control the magnitude of force used to tighten the knot.  However, the 
recent addition of robotic surgery completely eliminates any manipulation force 
perception at the surgical site.  Since the surgeon must rely solely on their vision for 
suturing and knot tying tasks, the magnitude of force for tightening surgical knots can 
exceed safe levels for the suture and surrounding tissue.  Therefore, the addition of 
force feedback for knot tying tasks will enable the surgeon to “feel” the magnitude of 
force on the suture and surrounding tissue; thus, allowing the surgeon to prevent excess 
force at the surgical site.  This experiment will demonstrate the capability of our 
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teleoperation platform to provide feedback of surgical manipulation forces; thus, 
reducing the peak forces during knot tying tasks. 
 
 
Fig. 5-13: Experimental setup for the knot tying task using the teleoperation platform. 
 
 
 
Fig. 5-14: Tightening of the suture using the teleoperation platform. 
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In this experiment, we selected non-absorbable, size 0, silk sutures (manufactured 
by Ethicon, Inc.) for use in our knot tying task.  This specific suture was used to ensure 
sufficient strength of the suture during the trials, thus, preventing the suture from 
breaking.  The experimental setup consisted of the teleoperation platform with a 
modified surgical trainer in the workspace of the platform (see Fig. 5-13).  A surgical 
towel was fixed to the base of the surgical trainer using three clamps to prevent any 
movement of the towel.  The towel simulated two sections of tissue that we desired to 
suture together.  A suture was passed through each section of the towel to be tied 
together with one end of the suture fixed to a clamp mounted on the surgical trainer and 
the other end of the suture secured to the jaws of the modular laparoscopic grasper.  A 
variation of a surgical knot was formed between the two sections of towel and held loose 
prior to the experiment.  Similarly to the first experiment, the operator controlled the 
robot arm with laparoscopic grasper using the haptic device; however, in this experiment 
the operator only controlled the position and orientation of the laparoscopic grasper and 
did not actuate the jaws of the grasper.  The operator was then required to tighten the 
suture knot by manipulating the one end of the suture away from the location of the knot; 
thus, tightening the knot (see Fig. 5-14).  During this tightening task, the operator was 
instructed to provide only a horizontal force (as indicated in Fig. 5-14) to secure the knot 
properly and use visual and force (if applicable) cues to determine the completion of the 
task.  Upon completion of the task, the knot was visually inspected to ensure sufficient 
tightening.  A total of 24 trials were conducted; 12 trials with force feedback in the 
teleoperation platform and 12 trials without any force feedback.  The manipulation forces 
exerted by the grasper on the suture and position of the tool-tip of the grasper were 
recorded and the forces were fed back to the operator via the haptic device.  At the 
conclusion of the experiment, the magnitude of the manipulation force vector was 
calculated and post-processed using a 5th order Butterworth filter to remove any high 
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frequency noise.  Finally, the peak manipulation force was determined for each trial and 
the trials with the highest and lowest peak force were removed from each data set. 
 
 
Fig. 5-15: Individual peak force results for each trial for the robotic knot tying task. 
 
 
 
Fig. 5-16: Position of the tool tip of the laparoscopic grasper during a knot tying experiment with 
force feedback. 
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Fig. 5-17: Position of the tool tip of the laparoscopic grasper during a knot tying experiment 
without force feedback. 
 
 
The results of this experiment are shown in Fig. 5-15.  Overall, the mean peak 
manipulation force using force feedback in the teleoperation platform was 2.31N with a 
standard deviation of 0.36N while the mean peak manipulation force without force 
feedback in the teleoperation platform was 3.83N with a standard deviation of 1.03N.  
Therefore, the mean peak manipulation force in the teleoperation platform with force 
feedback is much less than the mean peak manipulation force in the teleoperation 
platform without force feedback.  The difference between the standard deviations for the 
platform with force feedback and the platform without force feedback suggest more 
consistent peak manipulation forces when using the platform with active force feedback.  
Additionally, we analyzed the trajectory of the tool tip of the laparoscopic grasper for 
several trials during this experiment.  Fig. 5-16 shows the position of the tool tip while 
incorporating force feedback in the teleoperation platform and Fig. 5-17 shows the 
position of the tool tip without any force feedback in the teleoperation platform.  The 
defined axes on these plots correspond to an overhead view of the experimental setup 
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whereas the Y axis refers to the direction of tightening for the suture.  As shown by Fig. 
5-16 & 5-17, the maximum position of the tool tip along the Y axis was measured as 
0.083 meters and 0.107 meters, respectively.  Similar position results were shown in the 
other trials that compared the maximum tool tip positions.  Thus, the advantage of force 
feedback in the teleoperation platform for knot tying tasks was further supported by 
demonstrating the additional stretching and movement of the suture and simulated 
tissue (constrained surgical towel) due to higher peak forces. 
 
5.2.4  Discussion 
The purpose of this research was the demonstration and preliminary evaluation of a 
robotic surgical system with force feedback capabilities performing common surgical 
tasks.  Through the addition of force feedback capabilities, the sense of touch for 
diagnosis of tissue can be restored to the surgeon in robot-assisted surgery.  The 
addition of force feedback can also lower the forces exerted by a robotic surgical system 
on the patient, thus reducing unnecessary trauma to the surgical site. 
Our robotic surgical system incorporated a modular laparoscopic grasper, Mitsubishi 
PA-10 robot arm, and seven degree-of-freedom haptic device in a bilateral teleoperation 
platform.  The laparoscopic grasper incorporates a normal grasping force sensor in one 
of the jaw of the tool and four strain gages located on the shaft of the tool for 
measurement of the surgical manipulation forces and the grasper is mounted on the 
end-effector of the Mitsubishi robot arm in this system.  The robot arm is a serial 
manipulator with seven joints, although only six joints are actively utilized in our system.  
The haptic device is utilized as the master controller of the robot arm and laparoscopic 
grasper and also provides force feedback of the surgical forces to the operator of the 
system as measured by the grasper. 
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Two surgical tasks, robotic tissue characterization and tightening the knot of a 
suture, were chosen to demonstrate the force feedback capabilities of the system.  In the 
robotic tissue characterization experiment, the operator positioned and oriented the 
robot arm and grasper to palpate simulated tissue samples using the jaws of the grasper 
while the position of the jaws and force exerted by the jaws on the samples were 
recorded.  The simulated tissue samples used in this experiment consisted of hydrogels 
of varying stiffness with similar dimensions.  Five characterization trials for each 
hydrogel sample (soft, medium, and hard) were performed by the author.  In the knot 
tying experiment, the operator positioned and oriented the robot arm and grasper to 
secure a loose knot in a suture while the manipulation forces and position of the end-
effector of the grasper were recorded.  Twenty four trials were conducted with 12 trials 
providing force feedback in the teleoperation platform to the operator and 12 trials 
without any force feedback in the teleoperation platform.  The peak manipulation force 
was recorded for each trial and the highest and lowest peak force trials were removed 
from the data set 
The results of these experiments demonstrate a qualitative analysis of the 
teleoperation platform as the experiments were performed by a single operator, 
therefore, no statistical analysis were conducted.  The tissue characterization 
experiment results show a mean peak force of 1N for the soft sample, 1.66N for the 
medium sample, and 1.92N for the hard sample.  These peak forces demonstrate the 
capability of the system to differentiate between healthy and unhealthy tissue.  
Additionally, the standard deviation of the peak forces was 0.15N for the soft samples, 
0.12N for the medium samples, and 0.20 for the hard samples.  These low standard 
deviations compared to the differences between the mean peak forces for each type of 
sample further indicates the capability of the system to distinguish between samples of 
varying stiffness that correlate to healthy and unhealthy tissue.  However, further 
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experiments with several operators followed by a statistical analysis must be performed 
for a valid conclusion of this initial experiment.  The results of the knot tying experiment 
showed a mean peak manipulation force of 2.31N and a standard deviation of 0.36N for 
the experiment with force feedback and a mean peak manipulation force of 3.83N and a 
standard deviation of 1.03N for the experiment without force feedback.  As shown by the 
data, the peak force and standard deviation are both higher in the experiments without 
force feedback.  Preliminarily, these results indicate that the operator can control the 
magnitude of the peak forces more accurately and prevent excess manipulation forces.  
However, further experiments with several operators must also be conducted followed 
by a statistical analysis to confirm these observations. 
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Chapter 6: Conclusion and Future Work 
 
 
 
The advent of robot-assisted surgery in the operating room has led to many 
advantages, such as reduced patient trauma and recovery time, increased surgeon 
dexterity, reduced surgeon fatigue, and the possibility of remote surgical procedures.  
However, the lack of haptic feedback in these robotic surgical systems eliminates the 
ability of the surgeon to characterize and diagnose tissue at the surgical margin using 
their sense of touch.  The purpose of this research was the design and development of a 
teleoperation platform with force feedback capability for robotic surgery.  Towards the 
development of the teleoperation platform, we have presented 1) the development of 
laparoscopic graspers with force measurement capability, 2) the development of a seven 
degree-of-freedom haptic device with four degrees of force feedback, 3) experimental 
studies evaluating the role of vision and force feedback in robotic surgery, 4) a 
teleoperation platform with force feedback capability incorporating an automated 
laparoscopic grasper, Mitsubishi PA-10 robot arm, and seven DOF haptic device, and 5) 
preliminary experiments evaluating the teleoperation platform with force feedback 
capability through tissue characterization and surgical knot tying tasks. 
 The development of the teleoperation platform with force feedback capability 
requires laparoscopic instruments capable of accurately measuring surgical forces in 
robot-assisted surgery.  Therefore, our research work focused on the design and 
development of a novel laparoscopic grasper for use in robot-assisted surgery.  Four 
generations of our grasper with force measurement capability were developed.  The first 
generation consisted of a conventional laparoscopic grasper with strain gages and a 
position sensor to record the applied force on the jaws and the position of the jaws.  
While this grasper can not be readily incorporated into a robotic surgical system, this 
prototype was a ‘proof-of-concept’ for initial characterization trials using simulated tissue 
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samples.  The second generation grasper was the first automated grasper which used a 
DC motor and cable transmission assembly.  The use of the cable transmission provided 
the advantages of low friction and no backlash in our design compared to previous 
research on automated laparoscopic tools.  The third generation laparoscopic grasper 
improved on the previous prototype by incorporating sensors for force measurement in 
three directions using a novel ‘floating jaw’ design.  Unlike previous research, this 
grasper provided the advantage of direct force measurement for grasping and 
manipulation forces at the jaws and also a tissue probing capability.  The fourth 
prototype of the laparoscopic grasper further improved on the grasper by providing a 
compact and modular design for use in a surgical setting.  This grasper provided the 
advantage of a compact design similar to conventional laparoscopic instruments with the 
inclusion of tri-directional force measurement capability.  Tissue characterization 
experiments using each of these graspers demonstrated the capability of each prototype 
to distinguish between simulated tissue samples of varying stiffness.  While the current 
prototype addresses most of the constraints for laparoscopic tools, future work to 
optimize the design through custom sensors or the incorporation of a wrist joint similar to 
current commercial robotic surgical systems could further improve the tool. 
 In addition to instruments for the measurement of surgical forces, our research also 
focused on the reflection of these forces to the surgeon.  While some researchers have 
developed general purpose or procedure-specific haptic devices, our development has 
focused on a seven degree-of-freedom haptic device with four degrees of force feedback 
for most types of surgical procedures.  This device consists of an ergonomic user 
interface with a grasping mechanism for the hand and wrist of the surgeon.  While the 
user interface is a passive mechanism, the grasping mechanism provides force 
feedback to two fingers of the surgeon for grasping/parting tasks.  The end-effector of 
the user interface is connected to a spatial force feedback mechanism for reflection of 
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forces in three directions (X, Y, and Z).  This novel design of the haptic device allows for 
higher actuator forces, a large workspace, and the capability to use the device in robotic, 
laparoscopic, and open surgical procedures.  The kinematics of the mechanism were 
analyzed to determine the position and orientation of the haptic device while our 
estimation of the reachable workspace allows the surgeon to evaluate the haptic device 
for use in a particular surgical procedure or the need for adjustments, such as a clutch or 
scaling parameter.  An estimation of the friction for each of the actuated joints increases 
the transparency of the device through the feed forward controller.  Using a low velocity 
motion for estimation of the friction created a simple estimation of the coulomb friction in 
the mechanism.  As mentioned in Chapter 4, experiments to model additional friction 
components, such as viscous friction and mechanism asymmetries, could further 
improve the transparency of the haptic device.  Finally, the calibration of the force 
feedback of each actuated joint, the force bandwidth, and system model of the spatial 
mechanism were also determined. 
 The primary contribution of this thesis is the development of a teleoperation platform 
with force feedback capabilities for robot-assisted surgery.  This platform consisted of 
the Mitsubishi PA-10 robot arm with our automated laparoscopic grasper mounted on 
the end-effector of the robot arm and controlled using the seven DOF haptic device.  
Using a bilateral controller, the haptic device controls the position and orientation of the 
robot arm and automated grasper while reflecting the measured forces from the grasper 
to the surgeon.  A preliminary version of the teleoperation platform using the second 
generation prototype of the laparoscopic grasper with the PHANToM haptic interface 
device was used to evaluate the role of vision and force feedback in robotic surgery.  
The results from a human subject study have shown that simultaneous vision and force 
feedback leads to better tissue characterization than only vision feedback or only force 
feedback.  Therefore, incorporating force feedback into robotic surgical systems will 
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improve the ability of the surgeon to correctly diagnose a tissue as healthy or unhealthy.  
The current teleoperation platform that consisted of the Mitsubishi PA-10 robot arm, 
laparoscopic grasper, and haptic device was used in further experiments to evaluate the 
role of force feedback in surgical tasks.  A tissue characterization task using hydrogels of 
varying stiffness and a knot tying task using a suture were conducted to demonstrate the 
operation of the system and determine preliminary benefits of the system.  The results of 
the tissue characterization experiment show an operator was able to distinguish between 
different hydrogels using the feedback of the normal grasping force.  A scaling factor of 
1.5 for the reflection of the grasping force was used in this experiment; however, future 
work should focus on optimization of this factor through an analysis of the human 
perception of these grasping/parting forces.  The knot tying experiment demonstrated a 
lower mean force needed for tightening a knot on a suture when comparing the platform 
with force feedback to the platform without force feedback.  While these experiments 
involved only one operator, future human subject studies using many subjects could be 
used to statistically evaluate the teleoperation platform.  In addition, optimization of the 
controller of the platform could further improve these experiments. 
 Future work in this research area includes additional human subject studies with 
surgeons and non-surgeons using the teleoperation platform followed by clinical trials 
using animals.  Specifically, tissue characterization and suturing experiments should be 
performed that provide a quantitative analysis of our teleoperation platform with force 
feedback and without force feedback.  Further optimization of the design of the 
automated grasper and haptic device could lead to improvement of the robotic system. 
 In addition to the use of our teleoperation platform in robot-assisted surgery, the 
platform could be used as a surgical simulator for pre-operative planning, surgical 
training, or improving the skills of a surgeon.  Also, the data from a recorded surgical 
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procedure could be incorporated into the teleoperation platform to assess the results of a 
particular procedure or act as a training tool for novice surgeons. 
 The results of this research provide a foundation for the incorporation of force 
feedback into robot-assisted surgery and demonstrate these technologies in a 
teleoperation platform.  The preliminary experimental work shows the potential 
advantages of a robotic surgical system with force feedback capability and provides an 
important first step towards the use of this system in an operating room. 
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Appendix A: Forward Kinematics of the Mitsubishi PA-10 with attached 
modular laparoscopic grasper 
 
 
 
 
The evaluation of the kinematics of robot manipulators is a necessary step for 
accurate control of a manipulator to perform a specific task.  The forward kinematics of a 
robot manipulator determines the position and orientation of the end-effector of the 
manipulator based on the position of each of its joints while the inverse kinematics 
determine the positions of all the joints of the manipulator to achieve a specific end-
effector position and orientation.  As mentioned above, Kennedy et al developed the 
inverse kinematics for the Mitsubishi PA-10 robot arm (six joints) that have been 
implemented in our teleoperation platform.  However, implementing force feedback of 
the surgical forces measured by the modular laparoscopic grasper requires calculation 
of the forward kinematics of the Mitsubishi PA-10 robot arm for mapping of the surgical 
forces from the instrument coordinate frame to the seven DOF haptic device coordinate 
frame. 
 
 
Fig. A-1:  Coordinate frame placement on the Mitsubishi PA-10 Robot Arm 
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Table A-1:  D-H parameters for the Mitsubishi PA-10 Robot Arm 
Joint d (m) a (m) α (rad) θ (rad) 
1 0 0 -π/2 
1θ  
2 0 0.45 0 
2θ  
3 0 0 π/2 
3θ  
4 0.48 0 -π/2 
4θ  
5 0 0 π/2 
5θ  
6 0.654 0 0 
6θ  
 
 
 
The forward kinematics for a serial manipulator, Mitsubishi PA-10 robot arm, is 
straightforward as the position of each joint can be calculated from the previous joints in 
the chain.  The coordinate frames for each joint of the PA-10 robot arm and derived D-H 
parameters are shown in Fig. A-1 and Table A-1.  The transformation matrix relating the 
coordinate transformation from joint i to joint i-1 is given by: 
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where iθ , iα , ia , and id  are the associate D-H parameters from joint i-1 to i.  
Computing the transformation matrix for all six joints and then premultiplying the 
successive transformation matrices will yield the transformation matrix from the end-
effector to the base coordinate frame, given by 
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Simplifying Eq. A.2, the transformation matrix representing the forward kinematics of the 
Mitsubishi PA-10 robot arm is given by 
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where 1R , 2R , and 3R  are the columns of the rotation matrix from the end-effector to the 
base coordinate frame and p  is the displacement vector from the end-effector to the 
base coordinate frame.  Computing the transformation matrix, the columns of the 
rotation matrix and the displacement vector are 
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where iC  is ( )iθcos , iS  is ( )iθsin , and 2a , 4d , and 6d  are the D-H parameters defined 
in Table A-1.   
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